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Abstract 
Perceived object colour tends to stay constant under changes in illumination. This 
phenomenon is called colour constancy. Colour constancy is an essential component 
of colour perception and is typically studied in the laboratory via asymmetric colour 
matching experiments, in which the observer views two colours under two different 
illuminations side by side and makes matches between them. This situation is unlike 
colour constancy in the real world, which must typically involve a comparison 
between the colour one views and the colour one remembers - in other words, colour 
memory must be required. Furthermore, most colour constancy studies use two- 
dimensional Mondrian images as experimental stimuli. These stimuli enable easy 
computer control of colour but exclude most of the natural perceptual cues such as 
binocular disparity, 3D luminance shading, mutual reflection, surface texture, glossy 
highlights, all of which may contribute to colour perception. 
My aim, in this project, is to study the colour perception of real objects in a more 
natural environment. To do so, I have developed an experimental setup which 
preserves the advantages conferred by easy computer-driven control of colour as well 
as the natural binocular and monocular cues to 3D shape. The setup also permits the 
use of real solid objects as stimuli, and the manipulation of their apparent surface 
colour as well as the background illumination. Thus, using this setup, I have been 
able to employ both 2D and 3D natural objects as stimuli and investigate aspects of 
colour perception related to colour constancy and colour memory as well as object 
familiarity. In developing and analysing these experiments, I have also introduced a 
new index of colour constancy which explicitly incorporates colour memory. 
My experiments reveal the following main principles: 1) colour constancy relies on 
colour memory, and is as good as colour memory allows; 2) colour and shape 
perception interact in both object similarity and discrimination tasks, indicating that 
colour and shape cannot be studied completely independently of each other; 3) object 
familiarity affects colour perception, for both foreground and background objects; 4) 
object familiarity also affects colour perception at perceptual levels, as measured by 
the reaction times and the range of appropriate colours accepted for an object. 
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Chapter 1 Background and 
motivation 
Our world is composed of colours. Throughout history, colour has always been 
considered for most as an aesthetic tool for painters and designers, but also as subject 
of philosophy and physics. However, it is not until recent that some basic theories of 
how we perceive colour is developed. 
The beginning of modem colour science can be estimated to coincide with Newton's 
famous experiment in 1666, when he put a glass prism in front of white sunlight and 
demonstrated that the rays of sun were split into a strip of light which he called the 
spectrum. Light was regarded as an electro-magnetic radiation and thanks to this 
discovery, light signals were described by their spectral power distribution, i. e. their 
energy as a function of wavelength. Another important advance was Thomas 
Young's suggestion that eyes have three different types of colour sensitive receptors, 
corresponding to the red, green and blue primaries. James Clerk Maxwell later 
suggested the additive mixing of three primary colours is able to produce almost the 
entire gamut of perceived hues. These two discoveries gave further research a 
theoretical foundation, and detailed experiments, especially colour matching 
experiments were carried out until, in 193 1, the Commission International de 
PEclairage (CIE) defined the colour matching properties for their Standard 
Colorimetric Observer as an international standard. From this definition came the 
CIE tristimulus values X, Y13 Z. The CIE tristimulus values were the first 
internationally accepted system for colour specification. If two colours have the same 
tristimulus values and are viewed under the same viewing conditions and geometry, 
they will look identical. 
The three tristimulus values provided a simplified platform for colour scientist to 
work on. They describe precisely the colour signals received at the retinal level by 3 
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The most plausible results come from the more recent Spanish attempt (Perenez- 
Carpinell et al. 1998), in which they found "the remembered lightness rises for light 
colours and diminishes for darker ones". This finding reconciles the above 
contradictory studies and is in agreement with Katz's (1935) suggestion that the 
characteristic of colour would be "exaggerated" in memory away from the norm. As 
a dark colour's predominant character is its darkness, the darkness will be enlarged 
in memory, and vice versa. 
Hue 
The question as to how our colour memory shifts in terms of hue has been examined 
extensively, but the answer is still unclear. Although most colour memory studies 
report a shift in hue memory, the directions of the shift are not systematic (Burnham 
& Clark 1955, de Fez et al 1998, Hamwi & Landis 1955, Newhall et al 1957, Perez- 
Carpinell et al 1998). The only exception is Nilsson and Nelson (1981), who report 
that monochromatic hues below 495nm are matched by longer wavelengths; hues 
above 540nm are matched by shorter wavelengths; and the remembered hue does not 
shift toward the unique hue or primary named wavelength. Nevertheless, this finding 
has never been confirmed for broadband real colour stimuli. More experiments are 
needed for its verification. 
One difficulty in investigating hue memory is the sampling of the hue space. Collins 
(193 1) has found that a monochromatic colour at 500nm is much better remembered 
than a monochromatic colour at 535nm, although both of them are within the green 
region. A small deviation in hue may result in a big difference in hue memory. Thus, 
the coarse sampling of the hue space in previous studies has most likely contributed 
to the lack of conclusive results. 
After examining 20 different languages, Berlin and Kay (1969) reported that 
although the number of basic colour categories varies among languages, these 
categories are all drawn from a total universal inventory of eleven basic colour 
categories. They also discovered that regardless of the subject's native language, the 
locations of these colour category foci are highly consistent. Category boundaries, 
however, are not reliable. They thus defined the best example of colour terms as 
"foci of categories", later referred to as "focal colours" by other researchers (Bodrogi 
1998, Garro 1986, Heider 1972). Berlin and Kay (1969) also suggested that "focal 
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colours" are universally most codable and most accurately remembered within colour 
space. Based on their theory, Bodrogi (1998) introduced a hypothesis for hue 
memory that suggests the remembered colour may shift toward the "focal colour" 
The hypothesis so far has not been tested empirically by other studies. Indeed, most 
of the experimental studies on focal colours have been conducted by anthropologists 
eager to test Sapir-Whorf s hypothesis that the structure of language influences the 
structure of thought in the colour domain (Garro 1986). The experiments thus 
focused only on whether focal colours are remembered more accurately than non- 
focal colours, and many had methodological flaws. For example, in 1972, Heider 
concluded that focal colours are more accurately remembered and more easily named 
for both English and Danish speakers. This result suggests that universal focality of 
colour is crucial to colour memory, regardless of language ability. But Heider's 
experimental design was challenged by Lucy and Shweder (1979,1988), who 
pointed out that Heider's experimental stimuli were discriminatively biased in favour 
of focal colours. When Lucy and Shweder controlled for discriminability, they found 
that linguistic indices are better predictors for memory accuracy. 
Colour scientists have also addressed the question of how the focality of colour 
influences colour memory. Colour scientists, although ostensibly less motivated by 
the questions of universality and language, have confirmed that linguistic indices 
interfere with colour memory. Bornstein (1976) studied colour memory for colours 
which are ambiguously categorised linguistically, he selected a colour that is equally 
named as green or blue. Half of the subjects were instructed to remember it as a 
"bluish" colour, the other half were instructed to remember a "greenish" colour. It 
was found that when the bluish colour's instruction was given, the corresponding 
colour shifted in the bluish direction, but when the subject was asked to remember a 
greenish colour, the corresponding colour shifted in the greenish direction. 
Thus, while there is separate evidence for hue shifts in colour memory, the factors 
that influence hue shifts have not been teased apairt, and it is not possible yet to 
describe systematically how and why hue shifts occur, even for simple stimuli. 
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Saturation 
Results for saturation memory among previous studies are largely consistent. Most 
studies conclude that the remembered saturation is either larger or suffers no 
variation compared with the original saturation (Burnham & Clark 1955, de Fez et al 
1998, Hamwi & Landis 1955, Newhall et al 1957, Perez-Carpinell et al 1998), apart 
from two main exceptions. Hanawalt and Post (1942) asked observers to remember a 
colour's saturation and then to adjust a colour wheel to match the remembered 
saturation. They found no difference between the remembered saturation and original 
saturation. In a similar experiment, Tate and Springer (197 1) also found no saturation 
effect. 
Interestingly, in both studies where no saturation shift was found, subjects were 
asked to remember specifically the saturation attribute alone, while in all other 
experiments that obtained saturation differences between the remembered colour and 
original colour subjects were motivated to remember the colour itself, rather than any 
perceptual attribute. Even Hanawalt and Post (1942) obtained saturation effects when 
the instruction to remember the colour itself was given. Moreover, Tate and Springer 
(1971) acknowledged in their paper that their "subjects have very poor saturation 
perception and do a lot of guessing when asked to make such a judgement". Based 
on all the evidence above, I conclude that the remembered colour is indeed more 
saturated than the original colour. The previous studies' inconsistency in saturation 
effects must be due to the instructional effect only. 
2.1.3 The cognitive approach 
Before discussing the cognitive approach to colour memory, the concept of memory 
colour must be introduced (Beck 1972). The term "memory colour" was first 
introduced by Hering in 1878. According to him, the most typical colour of a 
familiar object was remembered and attached to all objects in that group and 
therefore influenced our immediate perception of colour (Hering 1964). 
After Hering introduced the concept of memory colour, many experiments were 
carried out to determine the validity of his theory. The stimuli used in these early 
studies were made of paper cut into the shape of familiar objects and their colours 
were representative of the typical colour of each group of familiar objects. Colour 
13 
matching experiments were perfon-ned and matches were compared for figures with 
or without characteristic colours. Although many of the experimental environments 
were not sufficient at that time to provide a perfect match, the majority of early 
reports confirmed Hering's prediction, in that the corresponding colour for familiar 
object shapes usually differed from that of unfamiliar object shapes although their 
original colours were identical (Bruner et al 1951, Duncker & College 1939). A 
typical example was Duncker's experiment of 1939, in which a leaf and a donkey 
were cut out of green paper and alternately lit with red illumination. The observers 
were asked to match the colour of the leaf and donkey using a colour wheel. The 
results showed that the leaf was judged greener than the donkey, providing evidence 
of a memory colour effect. Yet Bolles et al. (1959) repeated Duncker's famous 
experiment and found no difference in the matches made for donkey and leaf figures. 
Bolles et al. (1959) argued that the memory colour effects arose from the 
impossibility to make an exact colour match in previous experiments. Nevertheless, 
these discrepant findings may be explained by the fact that the memory colour effect 
varies under different conditions. The conditions used by Bolles et al. (1959) might 
have been inadequate to reveal anything but a weak memory colour effect. 
Bruner,, Postman, and Rodrigues (195 1) partly confirmed this explanation. The 
stimuli used in their experiments were patches cut from paper to represent both 
familiar objects (tomato, tangerine, lemon, boiled lobster claw, carrot and banana) 
and neutral shapes (oval and elongated ellipses). The subjects' tasks were to match 
the colours of these patches by controlling a variable colour wheel made up of 
yellow and red segments. The experiments were designed to test Bruner's hypothesis 
that our perception of colour is a process of confirming hypotheses. Bruner suggested 
that our perception of colour is a process which consists of three parts: hypothesis, 
information and confirmation. A hypothesis is made first; the stimulus information is 
then input in terms of characteristics of the stimulus; and the hypothesis is eventually 
confirmed. If the hypothesis is not confirmed fully, in that the information given does 
not agree with the hypothesis fully, a new hypothesis will be made and the cycle will 
continue until a stable perception is formed. Fox example, the hypothesis that an 
apple is red is based on the information of the colour signal, the geometry of the 
scene, the identification of an apple, etc. Therefore, the less information given to the 
hypothesis, the less possibility for the recycling of the three-step procedure, and 
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accordingly, the greater role the initial hypothesis will play (Bruner et al 195 1). Note 
that this theory of "hypothesis driven" vision has reappeared in modem vision 
science as Bayesian theory (Brainard & Freeman 1997). In Bruner's (1951) 
experiment, he set up colour memory tasks in which different amounts of stimulus 
information were provided. The results showed that although there was a tendency to 
match red objects as being redder, and yellow objects as being more yellowish, 
thereby confirming the effects of colour memory, fewer such effects of colour 
memory were found when the stimulus-information was more extensive. This finding 
indicates that the effect of memory colour varies with the stimulus information 
provided, making it more difficult to compare the results of diverse experiments with 
different setups. Thus, it is particularly important to determine the extent of memory 
colour effects in natural situations, when both the initial hypothesis and the stimulus 
information should be as exhaustive as they are for real, 31), textured objects in 
natural configurations. 
The colour matching methods employed by Duncker and Bruner et. al. have one 
main drawback. That is, it is not clear whether the positive results derive from 
perceptual differences or response differences. Observers might give responses 
indicating that two colours are the same even while maintaining differential 
perception between the two (Harper & College 1953). In an attempt to distinguish 
between perceptual differences and response differences, Harper (1953) invented a 
novel setup in which a coloured figure was placed on a background, the colour of 
which may be varied until the figure was no longer detectable. Harper argued that if 
the observer is unable to detect a coloured figure against the background, the figure 
and the background must be perceived as the same. The results in his experiments 
show that compared with neutral-shaped figures (oval, triangle and a letter 'Y'), the 
red-associated figures (apple, heart and lobster) required more red for the 
background colour to make a match (i. e. to make the figure 'disappear'). Harper 
suggested that his results demonstrate a strong effect of past experience on colour 
perception, which was later confirmed by Delk and Fillenbaurn (1965) in a similar 
experiment. 
Fisher et. al. (1956) argued that the colour figures employed in Harper's experiment 
were poorly controlled, and they found that the size of the colour figures has a 
15 
significant effect on the matched background colour, larger colour figures being 
perceived as redder. When the sizes of the coloured figures were controlled, i. e. 
comparing a red cross '+' with 'x', both of them having identical size and form but 
differing only in orientation, the matching result for the red-associated '+' was only 
slightly redder than the neutral shaped 'x', and the difference is hardly significant. 
Fisher et. al. (1956) therefore suggested that the memory colour effect is smaller than 
proposed by Harper. 
The belief that the memory colours of familiar objects tend to be relatively stabilized 
and not subject to the effects of pure temporary colour memory has led to a number 
of studies which attempt to access memory colours directly and to compare them 
with actual object colours. Experiments were carried out in which no physical stimuli 
were provided, and the subjects were asked to match the colour they remembered 
given only the objects' names. The memory colours obtained from these experiments 
and the actual object colours were compared. The results indicated that memory hues 
moved toward dominant hues for the objects and that memory colours are usually 
remembered as being more saturated. (Bartleson 1960, Newhall et al 1957, Perez- 
Carpinell et al 1998, Siple & Springer 1983). However, the accuracy of memory 
colour also depends on the specific object. Memory colours of sand, skin, and 
concrete, for example, did not show the tendency towards more saturated colours 
(Bartleson 1960). A critical factor of these experiments was the determination of 
actual, accurate colours. In Bartleson's experiment, the accurate colours were 
available as the means of the chromaticities of the corresponding natural objects, 
which were obtained from previous research on natural colours. Other researchers' 
experiments used colour photographs of objects as their accurate colours (Siple & 
Springer 1983), while in Perez-Carpinell's (1998) experiment, ten values were 
measured at different points of the object they selected, and the mean chromaticity 
was taken as the accurate object colour. The variation in the definition and standards 
for accurate object colours raises the question of whether we can define accurate 
object colours at all and therefore raises doubt about the validity of this type of 
experiments. 
Among all of the experiments described above, Siple and Springer's (1983) study is 
the one that deservers more attention, as it not only compared memory colours with 
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the actual ob ect colours, but also assessed the dependence of memory colour on j 
shape and textural information by comparing memory colour for 2D neutral disk, 2D 
object contour and 2D object with texture information. Their results revealed that 
memory colour is independent of shape and texture information. This finding bears 
great importance to the experiment I will describe in Chapter 7. 
2.2 Colour constancy 
It has been widely accepted that colour is a helpful clue for object recognition. 
Despite changes in illumination, viewing geometry, as well as the surround, object 
colours tend to remain constant and thus provide a relatively stable descriptor of the 
objects. This phenomenon is known as colour constancy. Traditionally, 'colour 
constancy' is used to refer specifically to the constant of colour under changes only 
in the spectral power distribution of the illumination, not to changes in context or 
geometry. In fact, some algorithms for colour constancy introduce a dependence of 
colour on the immediate or global background, and therefore do not achieve 
constancy under changes in the background although they do achieve constancy 
under changes in illumination. 
The colour signals that reach our eyes are combinations of two components: the 
spectral power distribution of the illumination and the surface reflectance function of 
the object surface. Despite the fact that the two components are simultaneously 
mixed to produce the signal that retinal photoreceptors receive, our visual system is 
able to distinguish the object's surface reflectance from the spectrum of the 
illumination by visual mechanisms not completely understood yet. Hence the focus 
of colour constancy research has been to find out how these mechanisms work and to 
discover the degree of constancy manifested under different conditions. In many 
recent colour constancy experiments, two-dimensional unnatural surfaces have been 
used as stimuli, so that the cognitive effects of colour constancy in these experiments 
are therefore rendered insignificant. Nevertheless, even for two-dimensional surfaces 
without recognisable object information, our visual system is still able to achieve a 
significant amount of colour constancy. Thus colour constancy must be explained by 
both the bottom-up (sensory) and top-down (cognitive) approaches. 
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2.2.1 Von-Kries adaptation 
Von-Kries adaptation theory is based on the assumption that three types of sensors in 
the eye are utilized to receive the colour signal. In 1905 Von Kries suggested that the 
sensitivity of these sensors (which had not at that time been identified) were scaled to 
compensate for changes in the spectral quality of illumination. In other words, when 
the retina is exposed to intense red light, our so-called red sensor's sensitivity will be 
reduced in magnitude without a change in spectral shape as an adaptation to the light 
source (Jameson & Hurvich 1989). The simplicity of Von-Kries adaptation has led to 
its wide application in digital imaging systems. Many modem digital cameras 
provide a "white balance" calibration system, which is essentially a Von-Kries 
adaptation algorithm, to compensate for changes in overall illumination of the scene. 
However, using a Von-Kries adaption algorithm as a mechanism for colour 
constancy has many flaws. The ultimate objective of Von-Kries like algorithms is to 
cancel any effect due to the change in illumination in the colour signal received from 
a certain object. To reach this goal, the algorithm must rely on initial assumptions 
about the illumination. One of two assumptions are usually introduced to solve this 
problem: the 'grey world' assumption, which assumes that the average surface colour 
in a scene is grey; and the 'brightest is white' assumption, which assumes that the 
brightest surface in a scene is white. Thus a global illumination estimation may be 
made by 'averaging-to-grey' or 'norinalizing-to-white'. Nevertheless, the validity of 
both assumptions is limited. Another critical drawback of this algorithm is the 
disregard of spatial factors, especially colour contrast. Thus although Von-Kries 
adaptation is important in formalising an essential first step of colour constancy - 
chromatic adaptation, it cannot be a complete colour constancy algorithm. 
2.2.2 Retinex theory 
The retinex theory may be considered as an advanced version of the Von-Kries 
model. It was developed by Edwin Land, who suggested that the visual system 
determines colour based on the spatial distribution of received light signals in the 
scene rather than on the physical stimulus at a specific point. Based on his theory, 
colour is determined by the biological analog of reflectance recorded in each 
photoreceptor's waveband ('lightness') (McCann et al 1976). The lightness 
information is generated independently in each channel and the three separate 
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lightness images are compared to perceive colour. The process of comparison may 
occur in the retina or in the cortex, or even both, as indicated by the tenn "Retinex". 
The key feature of retinex theory is the consideration of the effects of spatial 
distribution on colour perception. Compared with the simple Von-Kries adaptation, 
retinex theory offers significant improvements. However, there are four key 
problems with it (Lennie & D'zmura 1988). Firstly, the notion of three separate 
lightness channels as an explanation of human colour constancy is at odds with the 
well-established physiological fact that in the retina the signals from the three classes 
of cones are combined in opponent pathways. This problem may be overcome by 
allowing the retinex algorithm to work on colour-opponent signals rather than on the 
cone signals. Secondly, although the retinex theory can cope with the non-uniformity 
of illumination across a scene to a certain extent, and indeed was originally designed 
specifically for the purpose of discounting smooth spatial variations in illumination, 
sharp changes in illumination may still present insurmountable difficulties. The 
retinex algorithm performs best on two-dimensional "Mondrian" scenes, in which 
each patch is uniform in reflectance and illumination changes are gradual smooth, 
but for more natural and complex scenes, more image features must be taken into 
account. Thirdly, the retinex theory suggests that information is gathered from a 
large region of the visual field to derive individual lightness values, while 
physiological investigations show that most neurons have quite small receptive fields. 
Fourthly, the retinex algorithms must run for a long time before they generate stable 
values, or they do not converge well (Lennie & D'zmura 1988). Nevertheless, the 
retinex theory provides a good theoretical foundation for chromatic adaptation 
models. Based on it, several variations of retinex algorithms have been proposed 
(Horn 1974, Hurlbert 1986, Moore et al 1990). 
2.2.3 Linear basis algorithms 
Both Von-Kries adaptation and retinex theory tackle an important challenge - to 
recover the spectral reflectance properties of surfaces from the received colour 
signals. Simple algorithms that aim to discover a triplet surface descriptor without 
considering the nature of surfaces and illuminants were thus developed. These 
algorithms essentially start with the triplet of photoreceptor activities and then 
transform them into a triplet that remains nearly stable under changes in illumination. 
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As some studies have shown (Finlayson et al 1994, Hurlbert 1998), the 
transformation is a simple diagonal transform. Nevertheless, as these algorithms 
employ only triplets as descriptors for illuminations and surface reflectances, without 
restrictions on the range of lights and surfaces that the visual system will encounter, 
colour constancy, mathematically speaking, is impossible (Maloney 1986). 
Maloney showed that three basis functions could account for 99% of the variance of 
462 Munsell colour samples and 337 spectral reflectances of natural formations 
collected by Krinov (Maloney & Wandell 1986). In terms of the illumination, natural 
daylights are well approximated by three basis functions (Hunt 1998). The same set 
of basis functions also applies to other sets of broadband illuminants, such as 
blackbody radiators (Maloney & Wandell 1986). As both natural surface reflectances 
and natural illuminations are fit by a low-dimensional linear system, Maloney and 
Wandell proposed that natural surfaces and illuminants are well represented by the 
weighted sum of a small number of basis functions, inherently stored within the brain 
or learned through past experience. The visual system may then employ these basis 
functions to obtain a non-diagonal matrix transformation to transform the received 
colour signals into the perceptual domain (Maloney & Wandell 1986). 
The linear basis algorithm proposed by Maloney and Wandell enables recovery of 
the descriptors of the surface spectral reflectance from an image without knowledge 
of its average spectral reflectance. Nevertheless, it is based on an assumption that the 
scene is illuminated by single spatially uniform illumination; and that the surfaces 
within the scene are also restricted to flat, matt, surfaces engaging in no mutual 
reflection (Hurlbert 1998). This assumption is certainly insufficient to represent the 
complex real natural world. There have been other attempts to improve the algorithm 
by allowing spatially varying illumination within the scene, but these still hold the 
basic assumption that the world is composed only of 2D matt surfaces (D'zmura 
1992). Higher perceptual cues such as specular reflections and mutual illumination 
are neglected. 
2.2.4 Top-down considerations 
All the theories mentioned above can be considered as bottom-up approaches, i. e. 
peripheral mechanisms not significantly influenced by higher perceptual or cognitive 
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processes. Top-down processing, on the other hand, includes the effects of past 
experience, complex judgments, and the influence of language. Some have proposed 
that after the recognition of a familiar object, its memory colour may help our visual 
system to perform colour constancy (Schirillo 1999). Yet the process of object 
recognition, obviously, cannot occur at a low level. Realistic reflection phenomena 
such as shadows and specular highlights may also aid in colour constancy. We learn 
to judge which regions of a scene are in shadow or display specular highlights, and 
the colours of shadows and highlights may aid us in determining the colour of the 
illumination (Lee 1986). Mutual reflections between surfaces may also affect our 
colour perception and contribute to colour constancy (Bloj et al 1999). 
Verbal instructions, at the same time, affect the degree of colour constancy observers 
exhibit in an experiment. Using computer generated Mondrian images as stimuli and 
performing standard asymmetric simultaneous colour matching with different 
instructions, Arend and Reeves found that the verbal instructions they gave to their 
subjects strongly influenced the magnitude of colour constancy (Arend & Reeves 
1986, Arend et al 1991). In their experiments, subjects were asked either to adjust the 
test patch displayed on one side of a monitor to appear cut from the same piece of 
paper as the reference patch on the other side, or to make the reference and test patch 
look identical in hue and saturation. The saturation and hue matches displayed much 
weaker constancy than the paper matches. The difference has been taken to prove the 
contribution of cognitive process to colour constancy, at least for that setup. In later 
experiments, Cornelissen and Brenner (1995) repeated Arend and Reeves 
experiments with concurrent measurements of subjects' eye movements. They found 
that observers spent more time looking at surrounds when making the paper matches, 
which led to a different state of adaptation of the fovea. They concluded that the 
change in eye movements must have contributed to the instructional influence of 
colour constancy. Bramwell and Hurlbert (1996) concluded that the apparent 
influence of instructive difference was also due to incomplete hybrid adaptation. 
When observers adapted each eye separately to a distinct illuminant and scene 
combination, the difference between instructions largely disappeared. 
As perceptual and cognitive factors also influence colour constancy, to understand 
real world colour constancy completely, both factors have to be considered. As a 
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result, some recent colour constancy experiments attempted to create tasks in more 
natural viewing conditions where more high-level perceptual cues were given. These 
experiments obtained higher degree of colour constancy than traditional colour 
constancy experiments employing only 2D simple colour stimuli (Brainard 1998, 
Brainard et al 1997, Kraft & Brainard 1999). 
2.2.5 Relational colour constancy 
Craven and Foster (1992) suggested that the basic component of colour constancy is 
the ability of observers to discriminate, reliably and effortlessly, illuminant changes 
from material changes in scenes. They argued that colour constancy may be achieved 
irrespective of colour appearance - i. e. that an observer may be able to learn a) the 
illumination is different; b) the colour surface is the same even though a coloured 
surface may appear different under different illuminations. Foster and Nascimento, 
(1994) later suggested the term "relational colour constancy" as it largely relies on 
the visual coding of spatial colour relations and doesn't require the illuminant to be 
estimated. 
Experimental studies of relational colour constancy revealed that the observers are 
able to discriminate between illuminant and material changes quickly, reliably and 
require little or no training (Craven & Foster 1992). The transient perceptual cue, i. e. 
the sudden change of illumination or material, plays an important role in the 
discrimination task (Foster et al 1999, Linnell & Foster 1996). 
Although Foster et. al. (1997) proposed that colour constancy is equivalent to 
relational colour constancy, studies of relational colour constancy cannot address a 
key feature of constancy - that is, its imperfection predicting the perceived colour 
appearance under various viewing conditions. Relational colour constancy may help 
us to recognize an object even if its perceived colour has changed, and relational 
colour constancy studies may aid us in further understanding of the mechanisms 
underlying colour constancy. Nevertheless, discrimination is not equivalent to 
perception. For example, for a gradually ripening fruit against a background of green 
foliage under various lighting conditions, relational colour constancy only tells us 
whether the fruit's surface colour has changed from days before, while the perceived 
colour of the fruit informs us whether the fruit is red enough to be consumed. The 
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perceived colour of the fruit, in this case, is clearly not mediated by relational colour 
constancy alone. 
2.2.6 Experimental approaches 
Experimental colour constancy studies aim to obtain quantitative, empirical data to 
test proposed theories of colour constancy. Many experiments employ a coloured 
Mondrian display, which was first introduced by Land (1974). Mondrian images are 
collages of flat coloured rectangles, which resemble, in a simplistic level, 
multicoloured real surfaces in the natural world. After Land's demonstration, 
Mondrian images were widely used as stimuli, either made from real paper or 
computer generated, to study colour constancy in the laboratory (Arend & Reeves 
1986, Arend et al 1991, Craven & Foster 1992, McCann et al 1976, Valberg & 
Lange-Malecki 1990). 
Figure. 2.2 Example ofMondrian image 
An early experimental study conducted by McCann et. al. (1976) demonstrates a 
typical paradigm for colour constancy research. In this experiment, the subject's left 
eye views a colour Mondrian display (consisting of real papers illuminated by three 
narrow band projectors) under reference illumination; the subject's right eye sees a 
Munsell colour book under test illumination, from which the colour sample that 
matches the reference colour patch in the Mondrian display has to be selected. This 
type of task is called asymmetric colour matching, in which the observer has to make 
a match between two displays under distinct illuminations. 
In McCann et. al. 's (1976) experiment, the observers' left eyes are restricted to the 
left display; their right eyes are restricted to the right display; and they cannot use 
both eyes at the same time. This is a very unnatural situation, which possibly exists 
only in the laboratory. Some more recent asymmetric colour constancy studies 
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attempt to simulate more natural conditions by allowing the observers to view both 
displays simultaneously (Arend & Reeves 1986, Arend et al 1991, Brainard et al 
1997, Kulikowski & Vaitkevicius 1997, Valberg & Lange-Malecki 1990). During 
these experiments, observers can shift their gaze freely within the displays. The setup 
is in agreement with some realistic natural conditions, such as the result of 
illumination change created by shadows. The drawback of this setup, though, is its 
lack of control of the adaptation level: as the observers eyes can move freely across 
the scene, different eye movement strategies may render different degrees of colour 
constancy (Cornelissen & Brenner 1995). 
Asymmetric colour matching is relatively weak in its representation of the ways in 
which objects under different illuminations are compared in everyday life. In reality, 
we seldom compare two objects under different illuminations side by side. Instead, 
we are often obliged to estimate a change in illumination over a period of time, in 
which colour memory has to be considered. Successive colour matching, therefore, 
has emerged as another typical paradigm investigating colour constancy (Brainard & 
Wandell 1992, Jin & Shevell 1996, Uchikawa et al 1998). In successive colour 
matching experiments, the subjects begin each session by learning the colour 
appearance of a reference colour under reference illumination. After an interval, the 
subjects either set the test colour under test illumination to match the appearance of 
the reference colour, or select the matched colour from a set of alternatives under test 
illumination. As the reference colour is no longer visible under the test illumination, 
this procedure requires the involvement of colour memory. 
In addition to colour matching experiments, some studies attempt to assess colour 
constancy by asking the observer to adjust the colour of a surface until it appears 
achromatic (Arend 1993, Bauml 1994, Bauml 1995, Brainard 1998, Kraft & Brainard 
1999). These experiments assume that for perfect colour constancy, a neutral surface 
under one illumination will appear neutral under another illumination. The degree of 
colour constancy is then computed by comparing the experimental results with 
theoretical perfection. The main problem with this method is, although it appears to 
measure the degree of colour constancy, it provides data only on the appearance of 
neutral surface (Foster 2003). To predict shifts in colour of other surfaces under 
changing illumination, this method requires significant additional assumption that 
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achromatic matching results actually record subjects' estimate of the illuminant of 
the scene. 
Many colour constancy studies, regardless of their experimental approach, employ 
the Brunswik (BR) ratio, or its close relative, as a measure for the degree of colour 
constancy (Arend & Reeves 1986, Arend et al 1991, Brainard 1998, Brainard et al 
1997, Cornelissen & Brenner 1995, Kulikowski & Vaitkevicius 1997, Troost & 
Deweert 1991). The BR is usually computed as 
BR =I- [(perceptual shift)/ (physical shift)] (1) 
where Physical shift' refers to the surface's chromaticity shift under changing 
illumination, i. e. the distance between reference surface under two illuminations, as 
shown in Figure 2.3, on the chromaticity diagram; the Perceptual shift' refers to the 
distance between the matched surface and the reference surface under the test 
illumination, also shown in Figure 2.3. A perfect degree of constancy means that the 
same chip is selected as a match under the test illumination (no perceptual shift) and 
BR=I; and no colour constancy means that the subjects perform a chromaticity 
match rather than a surface match (perceptual shift = physical shift) and BR=O 
(Kulikowski & Vaitkevicius 1997). Most experimental colour constancy studies 
obtain some degree of colour constancy, but none of them have reported perfect 
colour constancy. The BRs are reported in the ranges from 0.55 to 0.83 depending on 
the experimental conditions (Arend & Reeves 1986, Arend et al 1991, Brainard 1998, 
Brainard et al 1997, Cornelissen & Brenner 1995, Kulikowski & Vaitkevicius 1997, 
Troost & Deweert 1991). 
This degree of constancy, obtained in laboratory environments, seems smaller than 
what we non-nally observe in the real life. An experiment on lightness perception has 
revealed that perceived lightness depends on perceived spatial arrangement, thereby 
suggesting a role for depth perception in the perception of surface lightness (Gilchrist 
1977). An experiment on colour perception has shown that spatial arrangement 
influences not only lightness perception, but also colour perception (Bloj et al 1999). 
Nevertheless, most colour perception studies have employed 2D flat samples as 
experimental stimuli, and thus these setups ignore the contribution of spatial 
arrangement to colour perception and restrict the observer's view to a 2D plane. It 
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might be that cues such as specular highlights, mutual reflections and depth, which 
are absent in the typical colour perception studies, contribute to colour constancy in 
the natural world (Hurlbert 1999). To compensate for these factors, Kraft and 
Brainard (1999) devised an experiment that allowed them to subtract successively 
cues from an initially full-cue stimulus. They employed a box containing papers and 
objects, in which a test surface was hung against the back wall, and both the light 
source and the test surface could be adjusted by observer and experimenter (Brainard 
1998, Brainard et al 1997, Hurlbert 1999, Kraft & Brainard 1999). The observer's 
task was to ad ust the colour of the test surface to appear perfectly neutral under each 
illumination. When all the cues, including the specular highlight from the tin foil in 
the box and the mutual reflections from various objects and walls, were provided, a 
maximum 0.83 of colour constancy was achieved, better than every other reported 
value. By silencing cues separately, Kraft and Brainard (1999) also found that each 
cue made significant contributions to colour constancy. Kraft and Brainard's study 
marks the beginning of a trend in the experimental approach to colour constancy, 
which is to take into account cues in the real world. 
Reference surface 
(under test ilium) 
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Figure 2.3 Example of the Perceptual shift'and Physical shift'to compute BR ratio. 
2.2.7Colour memory and colour constancy 
The relationship between colour memory and colour constancy has been examined 
by only a few studies so far. Jin and Shevell (1996) presented a reference colour 
under the reference illumination on a CRT monitor for one minute. After a 10-minute 
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interval, they asked the observer to adjust a test colour under test illumination until it 
matched the remembered reference colour. Using this method, Jin and Shevell (1996) 
tested whether colour is remembered as the light signal by each photoreceptor or as 
its surface reflectance. From the results of their experiment, they conclude that 
colour is remembered as the light absorbed by the photoreceptors, when there is no 
background light or only "neutral" background light, but colour is remembered as the 
spectral reflectance of the surface when it is seen against a complex background. The 
novelty of this experiment is that it investigates long term colour memory using a 
typical colour constancy paradigm; the drawback of the analysis, is that the memory 
results under changing illumination are not directly compared with the memory 
results under constant illumination. Thus, the relationship between colour memory 
and colour constancy is not explicitly explored. 
Uchikawa et. al. (1998) investigated the relationship between colour memory and 
colour constancy directly. In this study, they employed a set of Optical Society of 
American (OSA) Uniform Color Scales as colour stimuli. Six minutes after the initial 
presentation of the reference colour under reference illumination, the observer 
selected the remembered colour from 424 OSA colour samples. Memory matching 
results under changing illumination and constant illumination were then compared 
side by side. Results showed no significant difference between memory matching 
under changing illumination and memory matching under constant illumination. The 
authors also compared these data with their previous haploscopic matching results, 
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and again, found no significant difference. The main drawback of this study is its 
lack of statistical analysis. The authors plotted the matching results on a chromaticity 
diagram and compared memory matching and constancy matching by examining the 
diagram only. The other flaw of this study is that it only employed two observers, not 
representative enough for the whole population. 
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Chapter 3 Materials and 
Methods 
Most experimental studies in colour perception employ simple 2D colour stimuli, 
many of them on a CRT screen, which lacks many natural perceptual cues such as 
binocular disparity, 3D luminance shading, specular highlights, mutual illumination, 
etc. The aim of this project is to overcome some of these problems and create 
experiments in which the colours of real 3D objects, instead of 2D stimuli on CRT 
monitors, may be fully controlled by the observer or experimenter. To achieve this 
objective, the project was divided into two main phases. The first phase involves 
mainly the hardware and software developments of the experimental box. In Phase 
one, a novel experimental box was designed and built, allowing either the 
experimenter or observer to adjust the apparent surface colour of 3D real objects by 
using a joystick. Only after the completion of the experimental box, could the main 
experiments investigating human colour vision be carried out in Phase two. This 
chapter intends to describe the materials and methods employed in Phase one. 
3.1 Hardware development 
The hardware development involves three main parts. The first part is the main 
experimental design, outlining the methods and materials required to achieve the 
primary target for the setup: computer-controlled surface colours of 3D real objects. 
In addition to the main setup, the geometric calibration program requires pictures of 
the experimental objects taken from a fixed location; consequently, a camera 
platform was built. Furthermore, the setup has to enable the experimenter to move or 
change the experimental objects before or during the experiments; thus, a complex 
box opening system was developed. 
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11.1 Main experimental design 
The data projector is one of the main components of the experimental setup. As the 
colour of each pixel from the projector is computer controlled, the objects' surface 
colours can be adjusted by projecting a calibrated stencil onto the objects and 
changing the colour of pixels projected within the target areas. Unlike most of the 
traditional stimuli displayed on 2D self-luminous CRT monitors, the use of real 3D 
objects allows all the natural three-dimensional cues to be preserved, while the data 
projector preserves the advantages conferred by the computer-driven control of 
colour. 
In order to maintain as much as possible the appearance of a natural viewing 
environment,, it is important to veil the existence of the data projector from the 
observer. Any modification of surface appearance should be interpreted by the 
observers as an alteration of the object's surface property,, rather than the change 
from the external light source. To achieve this goal, two mirrors were implemented 
in the setup. 
100cm 
Figure 3.1 A diagram to illustrate the main experimental design. 
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Figure 3.1 reveals the main design of the experimental box. The box is 80cm x 60cm 
x 100 cm, entirely painted with matt black paint to eliminate undesired light 
reflection. The data projector is located at the top of the box, hidden from the outside 
observer by an extended side wall. A front surface mirror (35cm x 35 cm; Galvoptics 
float glass) reflects light from a computer driven DLP data projector (Infocus LP530) 
into the box. A Pilkington Mirropane (one way observation mirror; 80cm x 80cm), 
fitted diagonally in the center of the box, transmits 38% of the projected light onto 
the objects arrayed on the bottom of the box, and reflects the remainder to be 
absorbed by the black velvet at the back. Observers view the image of the 
illuminated objects through a fixed viewing hole aligned on a perpendicular axis with 
the centre of the observation mirror. Through the viewing hole, observers thus see 
object plane located in front of them. The whole scene was consistent with a scene 
under illumination from an unfocused light source at a finite distance behind the 
object plane. But we need to acknowledge that there is a potential conflict between 
observer's perception of a scene in front on a vertical wall and lack of light source. It 
could be a hidden illuminant from the side of course. 
Figure 3.2 An observer looks at the projected image through the viewing hole, with a 
joystick in her hand 
The box's external construction is quite simple, with two sides consisting only of 
painted black wooden board. Of the other two side walls, one side contains a box 
opening system. By opening a small door in this Part, the experimenter can gain 
access to and arrange the experimental objects within the box. The other side is 
designed for the observer. Through a 9.5x8.5cm hole located in the middle of this 
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wall, the observer may view the projected image within the box, as shown in Figure 
3.2. 
3.1.2 Viewing hole and camera plafform 
During the experiments, the observers were instructed to look at the experimental 
objects through the viewing hole. A truncated pyramid shaped tunnel, hidden within 
the box and painted in matt black paint, restricts the field of view (see Figure 3.3). 
Therefore, observers are unable to see the border of the one way mirror, nor will they 
see the other side walls and realize the irregular geometrical orientation of the scene. 
Only the target area with the individual objects in front is visible. 
Viewing hole 
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Figure 3.3 A viewing hole located in one side wall, with chin rest underneath and a 
hidden tunnel to restrict observer's view qeft). The truncated pyramid shaped tunnel, 
fitted on the viewing hole, hidden within the box (right). 
A wooden chin rest, also painted with matt black paint, lies underneath the viewing 
hole, as shown in Figure 3.3. Observers may adjust the level of the chin rest so that 
they are able to look straight through the viewing hole comfortably. For any 
experiments using the box, the observers are asked always to place their chin on the 
chin rest. 
During the experiments, the projected image consists of target areas (object 'stencils') 
segmented from the background, the colours of which are each under independent 
control. Integral to the setup is the segmentation program, calibrated for the 
Tunnel 
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illumination and viewing geometry, which outlines and exactly aligns the target areas 
with the visible surfaces of the individual objects. 
To execute the geometric calibration program, images have to be taken by a camera 
from the same viewing point as the observers, through the viewing hole, at exactly 
the same location each time. However, during the experiments themselves, the 
camera must not interfere with the observer, and therefore must be moved away from 
the viewing hole. We thus mounted a thin metal track below the viewing hole and 
fixed a camera platform on top of it. The camera stands firmly on the platform, 
which is attached as a slider so that it moves easily along the track. When the 
platform resides at the right end of the track, the camera is positioned for taking 
pictures of the target area, with its lens aligned with the centre of the viewing hole. 
When the platform is pushed to the left end of the track, the observer is able to use 
the chin rest without interference from the camera (see Figure 3.4). 
Figure 3.4 The camera plaýform. The experimenter can move the camera along the 
track. When the camera is positioned at the left side of the track, it doesn't interfere 
with the observers view qeft), - when pushed to the right end, the camera may take 
pictures of objects within the box. 
3.1.3 Box opening 
To enable the experimenter to arrange the objects before or during the experiment, 
we designed a box opening system on one side of the box. The top half of the side 
wall was fixed to the box, and the bottom half of that wall was transformed into a 
door that may be opened from one side, shown as Door I in Figure 3.5. Before any 
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experiments start, the experimenter may arrange the experimental objects while Door 
I is opened. Sometimes during the experiments, the experimenter may also need to 
adjust the objects inside the box. However, during the experiments, as we want to 
keep the box as light-tight as possible, it is undesirable to open a door as large as 
Door 1. Therefore, we built a much smaller additional door, shown as Door 2 in 
Figure 3.5, which can be opened by lifting it from the bottom while Door I is closed. 
When Door 2 is open, the experimenter may adjust the objects within the box 
without interrupting the experiments too much. 
50cm 
Door I 
Door 
50cm 
......... 
15cm 
Door I 
50cm 
Door 
15cm 
Figure 3.5 Box opening system. The experimenter may open Door ](50cm x 80cm) 
from the side and arrange objects within the box (left). When Door I is closed, a 
smaller door: Door 2 (50cmx]5cm), may be lifted ftom the bottom, so that the 
experimenter may adjust the experimental objects (right). 
A platform made from white card is located within the box on its floor, as shown in 
Figure 3.6. The platform consists of a central horizontal surface and one wing on 
each side, 15cm higher than the central plane. All experimental objects sit on the 
central Plane. During the experiments, to rearrange the objects, the experimenter may 
lift Door 2, and slide in a white card (50cm x 80cm) on top of the wings of the 
platform (see right picture in Figure 3.6). When the card is fully fitted within the box, 
even when Door 2 is lifted, the card blocks the light emitting from the box, therefore 
minimising changes in illumination during the experiment. Moreover, as the card 
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conceals the experimental objects from the observer, the observer will be naYve to 
any operation executed by the experimenter during the experiments. 
Figure 3.6 Pictures to show the box opening systems. A platform made ftom white 
paperboard sits on the floor of the box. When Door I is opened, the experimenter is 
able to see the plaýform and easil arrange the experimental objects on the central y 
platform (left). When Door I is closed, the experimenter may slide a white card into 
the box on top of the plaýform, so that the data projector's light falls onto the 
whitecard, and the experimenter is able to rearrange the objects underneath (right). 
3.2 Software development 
Most of the software was developed in the Matlab R12 environment. The software 
performs three main functions: geometric calibration of the image taken by a digital 
camera; segmentation of targeted objects; and adjustment of the colours of targeted 
objects through a joystick. The following sections will describe the algorithms for 
each function separately. 
3.2.1 Geometrical calibration with digital camera 
In an experiment, the projected 'stencil' for a particular 3D object has to outline 
exactly its surface. A Canon PowerShot S45 digital camera takes a picture of the 
experimental objects from the box, which is then processed to obtain the projected 
object 'stencil'. However while a segmentation program is able to define the object's 
contour within the 2D picture, it is not sufficient to obtain the projected 'stencil'. In 
other words, even when we have worked out which pixels in the picture lie within 
the object's contour, we don't know precisely which pixels from the data projector 
fall within the object's contour and which pixels fall on the background surface. 
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Accordingly we have to create a lookup table which stores each pixel projected by 
the data projector and its corresponding position within the picture taken by the 
digital camera. The following section explains how the lookup table is constructed by 
the geometrical calibration program. 
The geometrical calibration program involves projecting a series of images from the 
data projector and taking pictures of these images with the digital camera. Both the 
image-projection and picture-taking processes must be controlled by the same PC so 
that they can cooperate seamlessly. Hence I developed a remote control program for 
the digital camera which enables Matlab to execute the basic functions for the 
camera. The details of the remote control program are given in Appendix 1. 
The basic idea underlying the geometrical calibration program is to project an 
individual pixel into the box, take its picture with the camera, and store its location in 
the 2D recorded image together with its location in the projected image in the look 
up table. However, it is too time-consuming to execute this process for every single 
projected pixel. To reduce the number of pictures that have to be taken, the projector 
projects an array of N by M pixels instead of a single pixel. The program then 
estimates all their locations in the recorded image. Thus, NxM locations may be 
obtained at once, instead of just one, with each picture. 
There is a trade-off effect though. If the gap between pixels is too small, mistakes are 
made in estimating pixel locations, but if the gap is too large, the number of pictures 
taken soars. To counterbalance accuracy and time, I developed an algorithm that 
produces no positional errors, while limiting the number of pictures taken to 64 
regardless of the size of the target area. The details of the algorithm are shown in 
Appendix 2. 
3.2.2 Image segmentation 
All 3D objects in our experiments were painted matt white. To simplify the image 
segmentation process, we replace the white paper board beneath the object with a 
yellowish-green board, so that the object surface colour contradicts with the 
background colour. The digital camera then captures this image, which is processed 
as the original image in the segmentation program (Figure 3.7-a). 
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In the original image, the object surface colour is distinct from the background 
colour; it is therefore straightforward to segregate these two distinctly coloured 
surfaces, and to adjust their colours separately. As shown in Figure 3.7-b. 
We may then apply the geometrical calibration program to the segmented image and 
determine the projected image. When the data projector projects the projected image 
(Figure 3.7-c), each pixel within the object contour will be projected onto the real 
object surface inside the box. Thus by adjusting the colour of these pixels, the 
apparent surface colour of the objects may be altered. 
Figure 3.7. The original image of a white banana against the yellow background (a); 
the segmented indexed image of the banana (b); and the final projected image for 
that banana (c). The projected image is upside down because the original image's 
geometry has been altered by the reflection of the half way mirror, this effect, 
therefore, is taken into account while determining the projected image. 
The segmentation program applies not only to individual objects, but also to several 
objects at once, as shown in Figure 3.8. The original picture comprises 9 objects 
against yellowish-green background (Figure 3.8-a). The segmentation program finds 
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the corresponding stencils for the projected image. Figure 3.8-b illustrates similar 
objects in the "nude" condition, before the experiment. During the experiment, the 
projector projects the stencil which controls individually each object's surface colour. 
Accordingly each "nude" object gains a distinct surface colour (Figure 3.8-c). 
-7 
Figure 3.8 Original multi-object picture for segmentation program (a); a "Nude " 
picture with similar objects for the experiment (b); a "dressed" picture where each 
object'S colour is under individual control 
3.2.3 Changing the surface colours of the targeted 
objects by a joystick 
In our experiments, the projected images are stored as indexed colour images. By 
varying the colormap indices allocated to the particular targets of the image, we vary 
the RGB colours which are assigned to those regions via the colour map. Thus we 
vary the apparent surface colour of particular objects, and likewise for the 
background. 
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During the experiments, the observers use a simple input device to change the 
objects' surface colours. This input device is an 8 button USB joystick (see Figure 
3.9). To operate the joystick within the Matlab environment, I used the Data 
Acquisition Toolbox's Adaptor Kit in Microsoft Visual Studio C++ 6.0 environment 
to build an adaptor that enables Matlab to exchange data with the joystick. With the 
adaptor installed, my Matlab function 'joystick. m' is able to detect whether a button 
or axis in the Joystick has been pressed. Appendix 3 provides details of the software 
development for joystick. 
Figure 3.9 The 8 button USBjoystick. 
3.3 Characterisation of the data projector 
In the current version of the viewing box, the data projector is an Infocus LP530. It 
has native XGA (1024x768) resolution, 400: 1 contrast ratios, and 2000 lumens 
brightness. 
Unlike the traditional LCD projectors, the Infocus LP530 is a DLP projector 
incorporating the Digital Micromiffor Device TM technology. DLP data projectors are 
usually more compact in size, have a higher contrast, and reduced pixelation 
compared with their LCD rivals. At the time of purchase, the performance of the 
Infocus LP530 was at the top of its price range and it excelled LCD projectors in 
brightness output. 
One major drawback of this particular DLP projector, though, lies in its use of 4 
channels to generate colours. In most DLP projectors under fI0,000, there is only 
one DLP chip, and a colour wheel spins between it and the lamp, modulating the 
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light projected onto the screen. Many colour wheels consist only of primary colours 
red, green and blue, but some implement an additional white filter onto the existing 
RGB system, in order to increase output brightness. The LP530 is one of these 4 
channel projectors, the manufacturer does not provide technical details on how the 
white filter is operated. Therefore, in order to develop a colorimetric characterization 
model for the projector, one cannot simply characterise the primary colour channels 
separately, and assume channel additivity. Instead, the whole colour space must be 
sampled and modelled. The following sections demonstrate the methods to calibrate 
and characterise the data projector. 
3.3.1 Optimal "contrast" and ""brightness" values 
The "contrast" and "brightness" settings of the projector together control the 
dynamic range and tone reproduction characteristics. The "brightness" setting mainly 
controls the overall luminance for each digital input and the "contrast" setting the 
slope between the brightest and darkest colours. Before characterising the colour 
space of the projector, the optimal combination of both the two settings had to be 
determined, to ensure both broad dynamic range and light contrast. Figure 3.10 
shows the relationship between digital input and luminance measurements (the tone 
reproduction curve), under different "brightness" and "contrast" settings. The 
measurements were made using Photo Research PR-650 spectroradiometer at 1.5m 
distance from a white cardboard screen. 
The figure shows that at "brightness" 50 and "contrast" 50, not only the maximum 
dynamic range is achieved, but also the linear relationship between digital count and 
luminance is optimized. Figure 3.11 demonstrates the tone reproduction curves for 
red, green, blue as well as grey colours under "brightness" 50 and "contrast" 50. 
Note as the luminance levels for each channel vary, the luminance values in this 
figure were normalized. Figure 3.11 illustrates good dynamic range as well as tone 
reproduction for every channel under "brightness" 50 and "contrast" 50. Therefore, 
this combination was selected as the default setting for all experiments. 
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Figure 3.10 Tone reproduction curves for grey colours (equal digital input on each 
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Figure 3.11 Normalized luminance curves against DAC input values, for red, green, 
blue, and grey colours. 
3.3.2 Spatial uniformity 
One of the main problems with a projector system is its spatial non-uniformity. A 
projector acts like a point light source on the screen, with the light from the lens 
travelling different distances to reach different regions on the screen, therefore 
affecting the luminance values. To evaluate our data projector's spatial uniformity, I 
adapted the method applied by Kwak et. al (2000) for characterizing a LCD projector. 
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25 points of a white image were measured using a PR-650 spectroradiometer (see 
Figure 3.12). Their measured chromaticities are shown in Table 3.1. 
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Figure 3.12 Measurement pointsfor the spatial uniformity test. The range within the 
red square is thefield where most of the experimental objects were presented 
1 2 3 4 5 
1 y 489.4 . 639 678 657 543 
x 0.3333 0.335 0.3353 0.3348 0.3351 
y 0.4016 0.4028 0.4028 0.4022 0.4024 
2 y 601.8 707.1 727.6 717.9 590.9 
x 0.3332 0.3346 0.3356 0.3337 0.3329 
y 0.3997 0.401 0.4011 0.3991 0.3973 
3 y 630.1 746.8 792.6 754.1 639.1 
x 0.3323 0.3344 0.3353 0.3343 0.3319 
y 0.3975 0.3994 0.3997 0.3982 0.3965 
4 y 627.1 756.3 793.1 752.7 718.6 
x 0.3306 0.3346 0.3335 0.3348 0.3361 
y 0.3956 0.3986 0.397 0.3971 0.3994 
5 y 603.5 764.7 788.7 709.3 693.3 
x 0.3305 0.3333 0.3343 0.3332 0.3368 
y 0.3953 0.3983 0.3972 , 0.3958 0.3992 
Table 3.1 Measured chromaticities of the uniform white image in the spatial 
uniformity test. 
The results in Table 3.1 indicate that the projector's spatial unifonnity is quite poor, 
especially in luminance. The brightest and darkest spots on the screen have a 
considerable 38% luminance difference. Compared with the luminance 
inhomogeneity, the chromaticity (x, y) values are more constant across locations. In 
our experiments, we tried to avoid the worst affected area by presenting all our 
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experimental objects in the centre of the projected image (see Figure 3.12). We 
therefore limit the maximum luminance difference to 20%, although the large 
luminance uniformity problem still has to be addressed. To avoid the problem, all the 
colours used in the experiments are measured at their experimental locations. If the 
luminance values do not match the prediction, the experimenter manually changes 
the colours until the expectation is met. 
3.3.3 Developing the characterisation model 
The essence of characterisation is to convert one colour space to another. Usually the 
aim is to find a mapping from the device-dependent colour space to a device- 
independent colour space. What we desire here is to obtain a suitable method of 
transforming the device RGB coordinates into XYZ coordinates. 
Two sets of data are usually required in order to obtain a model: the training set to 
produce the model and the test set to test the accuracy of the model. The test set 
should not contain the data in the training set. 
There are two possible approaches to the model. The first consists of using empirical 
methods for ascertaining the relationship, which we call the generic approach for all 
devices, and the second is to attempt to model the process mathematically, which is 
usually based on understanding the nature of the system being characterised, and 
therefore is called the analytical approach. Unfortunately many devices, including 
our Infocus LP530 projector, have such nonlinear and nonadditive properties that it is 
highly unlikely that an analytical model will work properly. In fact, recent attempts 
to characterise 4 channel DLP projectors using the analytical approach have failed to 
achieve an applicable inverse model to transform XYZ coordinates into device RGB 
values (Wyble & Rosen 2004, Wyble & Zhang 2003). Therefore, the only option left 
is to characterise the data projector using the generic approach, which requires a 
much larger training data set and creates larger errors. 
I thus borrowed from models for four-channel printer characterisation and chose one 
of the most popular methods for that purpose: the tetrahedral interpolation method 
(Bala 2002). This method requires dividing the training data set's colour space into 
several tetrahedrons. To map a particular test colour from one space into another, the 
method locates the tetrahedron in which the colour lies, and linearly interpolates 
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between the four comers of the tetrahedron to predict the corresponding location in 
the other colour space. 
To minimize the characterization errors, 2197 training data sets (2197 RGB triplets) 
were collected. Their RGB values in the training sets sample the RGB device- 
dependent space evenly, and their corresponding XYZ coordinates were measured 
with a Minolta CS 100 Chromameter. The measurements were carried out simulating 
the real experimental conditions, with the projector fitted in the box, so that the 
chromameter measured the light reflected from the white base board via the half way 
mirror through the viewing hole. 
I then measured 512 random test RGB colours to test the model. Table 3.2 illustrates 
the colour difference between the measured and predicted test colours. To assess the 
forward model, I transformed the test RGB values into predicted XYZ coordinates 
and measured the CIE LUV AE difference between the measured XYZ and predicted 
XYZ. To assess the backward model, I converted the measured test XYZ values into 
their corresponding RGB coordinates, displayed these and measured them with the 
chromameter. The colour difference between the XYZ values of the initial and the 
second measurements were computed, as shown in Table 3.2. 
CIE Luv AE difference Mean Max Std 
Forward model 2.3134 8.1202 1.4699 
Inverse model 3.0973 12.3074 2.1756 
Table 3.2 The mean, maximum and standard deviation for the colour difference 
between the measured andpredicted test colours. 
The inverse model is more important than the forward model for the experiments. 
However, even with the large training data sets which took at least four hours to 
measure, the performance of the inverse model was still not ideal. The model 
generated a maximum of 12 CIE LUV AE difference, much poorer than most of the 
conventional CRT monitors. Given the large spatial nonuniformity of the projector 
and the unsatisfactory characterisation model, in the real experiments, extra measures 
have to be employed to guarantee an accurate colour rendering system. Therefore, I 
use the characterisation model to predict the approximate RGB values, but always 
remeasure these colours at their experimental location, and ensure that their colour 
coordinates match my expectations. If in some cases the measured XYZ coordinates 
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differ from the predicted values, I manually alter the RGB values until a satisfactory 
match can be made. 
These measures are unusual for an experimental colour output system, but are 
necessary for this particular 4 channel DLP projector. 
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Chapter 4 Colour memory and 
colour constancy for 2D 
samples 
4.1 Introduction 
Colour memory has been extensively studied but there are limitations on the 
generality of the results because of limitation of experimental design. Many colour 
memory experiments asked the subjects to pick the colour they remembered from a 
set of test candidates. However, it is likely that the configuration and particular 
contents of the set of test colours will affect the experimental results. It is also worth 
pointing out that although the memory shift in terms of the three perceptual attributes, 
hue, saturation and lightness has been studied extensively, in most experiments, the 
corresponding colours usually shift along all attributes at the same time. None of the 
experiments reviewed in Chapter 2 were set up in a way that memory colour varies 
along a single perceptual attribute at a time. Moreover, most of the colour memory 
experiments only tested colour memory under constant viewing conditions, under the 
assumption that any change in viewing conditions such as changes in illumination 
should be attributed to a colour constancy effect, and thus should not be studied in a 
memory experiment. Nevertheless, most experiments devoted to successive colour 
constancy have not examined the effect of memory shift due to the time lapse 
between the training and testing conditions. The segregation between colour memory 
and colour constancy studies raises a serious question unaddressed by previous 
research: Are the memory shifts in successive colour constancy matches dependent 
on colour memory? In other words, is colour constancy dependent on colour memory? 
In this chapter, I will describe a series of experiments I conducted that test one of my 
fundamental hypotheses: colour constancy relies on colour memory. Thus we cannot 
ignore the effect of memory shifts while studying colour constancy. As the first 
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experiment conducted after the main experimental setup was completed, this 
experiment used simple 2D colour stimuli under real illumination. By comparing the 
memory shift between conditions with constant and changing illuminations, I tested 
the hypothesis at the most basic level, using the simplest form of colour stimuli. 
Furthermore, I also investigated separately the influence of the two main perceptual 
attributes, hue and saturation, on memory shifts. 
4.2 Method 
4.2.1 Basic task 
The basic task in this experiment is quite simple. The observer pre-adapts to the 
reference display (reference illumination on white card), then views the reference 
patch displayed under the reference illumination, and is asked to memorise the colour. 
The observer then adapts to the test display (test illumination on white card) and 
performs a distracting task for I minute, after which he/she views the test plate under 
the test illumination, and selects the matching patch. 
4.2.2 Numination 
The experiment employed 5 illuminants, all generated by the data projector through 
the main experimental box. They include three standard daylight illuminants (4000-, 
6500-, and 145000-K correlated colour temperature), one reddish illuminant, and one 
greenish illuminant (described further elsewhere). In the following sessions, I will 
use D40, D65 and D145 as labels for the illuminants at 4000K, 6500K and 145000K 
respectively; "Red" for the reddish illuminant; and finally "Green" for the greenish 
illuminant. In the experiment, the reference illuminant was always set as D65, and 
the test illuminant varied among the 5 chosen illuminants. Therefore, with D65 as the 
test illuminant, we were examining memory shift with constant illumination, defined 
as pure memory shift here. For any of the other four test illuminants, we were 
examining memory shift under changing illumination, which I call combined memory 
shift, referring to the combination of both pure memory shift and changing 
illumination. 
Note that D40, D65 and D145 all have different spectral power distributions (SPDs) 
from the CIE standards, but their measured chromaticities were controlled to match 
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those of the CIE standard daylights at the same correlated colour temperature (see 
Table 4.1). Moreover, D40, D145, Red and Green test illuminants all have 
approximately the same colour difference from D65 (as shown in Table 4.1), and 
hence the illumination changes at the same scale for all combined memory shifts. 
Figure 4.1 illustrates the SPI)s for all 5 illuminants. It is clear from the figure that all 
the illuminants have at least 4 separate crests in their distributions, distinct from the 
SPI)s observed on the smoother CIE standard daylights. These crests were created by 
the narrow band filters within the data projector. 
y 
(cd/M2) 
x 
(measured) 
x 
(expected) 
y 
(measured) 
y 
(expected) 
Measured AEu, 
(from D65) 
D65 7.82 0.3128 . 
3127 0.3307 0.329 0 
D40 7.62 0.3807 0.3812 0.3835 0.3824 55.96 
D145 7.88 0.2637 0.2628 0.2717 0.2725 58.32 
Red 7.41 0.341 -- 0.2868 -- 57.11 
Green 7.48 0.2782 0.3815 55.64 
Table 4.1 The measured and expected CIE Yxy chromaticities for 5 experimental 
illuminants, and the measured CIEL UV colour differencesftom D65. 
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Figure 4.1 The spectral power distributions (SPDs) for the 5 experimental 
illuminants, as generated by the Infocus LP530 data projector. 
4.2.3 Generating colour stimuli 
Flat uniform colour patches were used as colour stimuli, divided into two series 
depending on the attributes modified. The hue series consisted of 16 colours differing 
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only in their hue values; and the saturation series consisted of 16 colours with 
constant lightness and hue values, varying only in their saturation values. For 
maximum cost-effectiveness, I decided to generate my own stimuli. In this 
experiment, the stimuli were printed using an EPSON STYLUS COLOR 980 printer 
on matte heavy weight paper. With a printer characterization model converting the 
device-independent XYZ tristimulus values into device-dependent RGB coordinates, 
I could produce the desired isoluminant saturation and hue series with approximately 
identical colour differences between successive colour patches. 
Achieving an accurate characterization model for a printer tends to be more difficult 
than for many other devices (e. g. CRT monitors). The model not only relies on the 
printer technology itself, but also on the colorant and the type of substrate used. In 
this particular case, I used of necessity an entry level ink-jet printer which consumes 
substantial quantities of colorant for small amount of prints. As any change of 
colorant requires a new model to be developed, I had to minimize the amount of 
printing required for developing the characterisation model in order to sustain 
sufficient colorant for then producing the experimental colours. 
To characterise the EPSON printer, the training data set was formed by an 8x8x8 
uniform sampling of the RGB device-dependent colour space. The colours were 
printed out on matte heavy weight substrate and measured using a PR-650 
Spectrascan in a Viewing Cabinet. The illuminant SPD within the cabinet was 
obtained by measuring a standard diffuse white patch (with approximate 100% 
reflectance throughout the spectrum). I then computed the surface reflectances of the 
training set by dividing their spectrascan measurements by the illuminant SPD. 
Given the spectral reflectance of the training data set and the SPD of D65, the CIE 
XYZ tristimulus values for the training data set under the reference illumination may 
be obtained. 
512 RGB values and their corresponding XYZ values were used to form the training 
data set, which in turn was employed to derive the printer characterisation model 
based on a third order polynomial regression method (Bala 2002). 
The desired lightness, hue and saturation values (from CIELUV colour space) for the 
experimental stimuli were converted into CIE XYZ tristimulus values, and via the 
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printer characterisation model, the RGB values necessary to produce the desired 
XYZ were calculated. 
4.2.4 The colour stimuli 
In total the printer produced 7 saturation series and 6 hue series, each including two 
plates: a 20x2Ocm reference plate with a single 3x3cm reference colour placed 
centrally against the background of white paperboard; and the same size test plate 
with sixteen 3x3cm. isoluminant-test colour patches arranged in 4x4 grid, again 
against the white paperboard as background. Figure 4.2 illustrates pictures of both 
plates (saturation series: top; hue series: bottom). The 16 test colours were randomly 
arranged on the test plate. 
The reference colour in the reference plate matched one of the 16 test colours in the 
test plate (they were printed out with the same RGB coordinates, so although in some 
cases the measured CIE chromaticities did not match exactly, at least they showed a 
very close resemblance and were much closer than any other test-reference pair, as 
shown in Table 4.2 & 4.3). Each series has a variable attribute, and two 
approximately invariable attributes. The variable attribute is saturation for saturation 
series, and hue for hue series. 
Table 4.2 shows the measured CIELUV lightness, hue and saturation values under 
D65 illumination for the colours in all saturation series. Their hues series 
counterparts are given in Table 4.3. Because of characterisation errors, the 16 test 
colours in any one of the hue series did not have perfect constant saturation and 
lightness, and likewise for all the saturation series. Nevertheless, the scale of 
variability for the constant attributes was so small compared with the scale of the 
variable attribute that it could be ignored. The curves in Figure 4.3 and Figure 4.4 
also confirm this conclusion, the constant curves (lightness and hue curves) for the 
saturation series, plotted in Figure 4.3, closely resemble horizontal lines, but the 
variable curves (saturation curves) are ascending straight lines. Likewise in Figure 
4.4 which shows that for the hue series, the saturation and lightness curves are near 
horizontal lines and the variable hue curves are near descending straight lines. There 
is still some noticeable variance in constant attributes for some series (e. g. saturation 
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variation for HueA and HueF, as shown in Figure 4.4), which must be considered in 
the analysis of the results. 
Table 4.4 illustrates the estimated colour names of reference colours, for all 
saturation and hue series, which are only given as approximations. 
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Figure 4.2 Examples of the saturation and hue series. Reference plate for a 
saturation series (a); test plate for a saturation series (b); reference plate for a hue 
series (c); test plate for a hue series (d). 
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function of test label, for all saturation series under D65 illumination. Top: lightness 
curves; middle: hue curves; bottom: saturation curves. 
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Sat Series A Sat Series B Sat Series C 
Label L H S DeltalE L H S DeltalE L H S DeltalE 
Ref 72-99 6.25 0.57 69.86 0.73 0.94 65-95 5.91 0.66 
1 71.90 6.24 0.29 20.28 70.13 0.67 0.56 26.00 64.43 6.15 0.21 30.80 
2 73.37 6.29 0.35 15.47 70.33 0.69 0.62 22.26 64.25 6.11 0.25 27.88 
3 71.27 6.26 0.36 16.04 69.44 0.72 0.65 20.27 64.29 6.06 0.27 26.54 
4 71.76 6.27 0.40 12.54 69.55 0.74 0.72 15.53 64.60 6.03 0.31 24.04 
5 72.19 6.27 0.44 9.89 69.60 0.74 0.74 13.96 64.98 6.01 0.36 20.51 
6 71.92 6.27 0.48 6.97 69.52 0.76 0.80 10.06 65.17 5.98 0.39 18.38 
7 73.31 6.27 0.54 2.22 69.31 0.74 0.81 9.41 65.76 5.95 0.43 15.18 
8 73.22 6.25 0.52 3.39 70.96 0.76 0.86 4.88 65.45 5.94 0.50 11.18 
9 74.05 6.25 0.62 4.80 69.51 0.74 0.88 3.99 65.70 5.93 0.54 8.01 
10 72.52 6.25 0.68 7.74 69.23 0.74 0.93 1.27 66.28 5.91 0.60 3.91 
11 73.03 6.26 0.74 12.37 70.60 0.77 0.98 4.47 66.27 5.91 0.65 0.61 
12 72.27 6.26 0.79 15.66 69.80 0.76 1.01 5.41 65.16 5.91 0.72 3.13 
13 73.35 6.25 0.82 18.84 68.85 0.76 1.08 9.27 66.68 5.88 0.75 6.46 
14 75.19 6.24 0.89 25.95 69.88 0.79 1.09 11.76 66.12 5.87 0.83 11.12 
15 74.09 6.21 0.93 27.84 68.88 0.77 1.13 12.86 67.06 5.87 0.88 15.29 
16 75.45 6.22 0.95 30.14 69.21 0.79 1.17 16.23 67.08 5.85 0.96 20.81 
Sat Series D Sat Series E Sat Series IF 
Label L H S DeltalE L H S DeltalE L H S DeltalE 
Ref 57.73 1.32 0.71 58.75 0.87 0.96 56.78 3.52 0.40 
1 55.78 1.26 0.33 22.72 60.24 0.92 0.22 43.19 55.86 3.67 0.14 15.05 
2 56.78 1.33 0.34 21.71 57.22 0.87 0.36 35.83 56.35 3.71 0.17 13.43 
3 56.30 1.36 0.41 18.00 56.98 0.87 0.41 33.09 56.29 3.62 0.22 10.47 
4 58.29 1.36 0.43 15.98 56.54 0.87 0.46 30.47 56.64 3.60 0.26 8.12 
5 57.65 1.29 0.45 15.08 57.46 0.87 0.52 26.55 57.29 3.57 0.29 6.20 
6 57.41 1.33 0.52 11.15 57.24 0.89 0.62 20.98 56.70 3.55 0.34 3.49 
7 58.66 1.41 0.54 9.90 58.29 0.86 0.66 17.94 56.46 3.53 0.42 1.08 
8 58.85 1.39 0.57 7.96 58.06 0.85 0.73 14.07 56.86 3.52 0.48 4.58 
9 57.49 1.33 0.58 7.66 60.82 0.87 0.78 9.20 56.54 3.50 0.51 6.15 
10 58.13 1.36 0.66 3.09 57.47 0.89 0.78 11.69 56.54 3.49 0.58 10.12 
11 56.82 1.38 0.71 2.68 57.85 0.84 0.85 7.45 56.73 3.48 0.61 11.95 
12 57.36 1.38 0.76 3.65 57.64 0.84 0.90 4.93 57.14 3.49 0.64 13.89 
13 57.34 1.42 0.76 4.97 59.81 0.90 0.95 2.05 57.12 3.48 0.67 15.61 
14 56.18 1.41 0.85 8.00 57.32 0.86 1.02 2.58 56.30 3.47 0.74 19.02 
15 56.16 1.40 0.90 10.35 57.91 0.85 1.02 3.03 55.51 3.46 0.81 22.37 
16 55.81 1.42 0.96 13.57 58.17 0.87 1.05 4.71 55.34 3.46 0.82 22.79 
Sat Series G 
Label L H S DeltalE 
Ref 59.53 1.61 0.55 
1 57.59 1.26 0.25 19.94 
2 56.90 1.43 0.28 17.50 
3 57.75 1.46 0.32 14.84 
4 57.83 1.54 0.34 13.31 
5 60.10 1.55 0.35 11.83 
6 57.92 1.65 0.46 6.42 
7 57.48 1.63 0.49 5.05 
8 58.77 1.67 0.52 2.99 
9 58.44 1.67 0.56 2.25 
10 59.03 1.66 0.60 3.21 
11 58.96 1.69 0.62 4.75 
12 58.42 1.70 0.65 6.22 
13 57.45 1.72 0.71 9.23 
14 57.56 1.74 0.73 10.64 
15 57.61 1.74 0.80 14.40 
16 , 56.87 1.77 0.85 17.05 
Table 4.2 The measured CIELUV lightness, hue and saturation values under D65 
illuminantfor all papers in the 7 saturation series, together with the CIE L UV colour 
differences between each test colour and reference colour. The test colour 
highlighted in red represents the test colour that matches the reference colour. 
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Hue Series A Hue Series B Hue Series C 
Label L H S DeltaE L H S DeltalE L H S DeltalE 
Ref 71.11 5.94 0.55 65-95 6.18 0.43 64.89 3.90 0.19 
1 72.37 6.59 0.59 26.49 64.60 6.84 0.41 17.99 64.49 4.68 0.27 12.25 
2 73.27 6.50 0.60 23.65 64.59 6.76 0.42 16.05 64.01 4.54 0.26 10.03 
3 73.50 6.42 0.61 20.98 65-13 6.68 0.44 14.22 64.47 4.46 0.22 7.55 
4 72.53 6.35 0.62 18.23 64.53 6.60 0.45 12.16 63.33 4.21 0.22 4.62 
5 72.94 6.28 0.61 15.22 65.44 6.50 0.46 9.58 63.56 4.06 0.22 2.98 
6 73.18 6.24 0.66 16.05 64.98 6.40 0.45 6.55 63.67 3.89 0.21 1.61 
7 72.17 6.18 0.65 12.93 64.78 6.27 0.44 2.82 63.44 3.68 0.21 3.32 
8 72.45 6.13 0.64 10.94 64.46 6.17 0.42 1.99 63.89 3.53 0.19 4.61 
9 71.49 6.05 0.60 5.89 65.03 6.06 0.42 3.62 64.23 3.38 0.20 6.52 
10 71.38 6.00 0.62 5.72 64.97 5.96 0.41 6.35 64.36 3.29 0.20 7.60 
11 70.55 5.94 0.58 1.89 64.41 5.85 0.40 9.38 65.25 3.08 0.19 9.86 
12 70.75 5.89 0.56 2.06 64.89 5.76 0.39 11.63 64.50 3.00 0.20 10.99 
13 69.77 5.83 0.54 4.65 64.56 5.64 0.39 14.67 64.84 2.77 0.18 12.86 
14 70.46 5.78 0.52 6.57 65.52 5.55 0.38 16.83 65.49 2.65 0.19 14.51 
15 71.03 5.72 0.50 8.94 65.41 5.47 0.37 18.69 65.75 2.42 0.18 16.32 
16 71.25 5.65 0.49 11.47 65.69 5.36 0.37 21.32 65.71 2.21 0.17 17.61 
Hue Series D Hue Series E Hue Series IF 
Label L H S DeltalE L H S DeltalE L H S DeltalE 
Ref 57.78 6.45 0.65 59.49 2.83 0.39 57.51 5.14 0.40 
1 56.82 6.90 0.68 17.06 56.98 3.33 0.40 11.66 56.56 5.48 0.46 8.86 
2 56.89 6.81 0.68 13.72 57.29 3.18 0.41 8.43 56.36 5.31 0.44 4.58 
3 56.66 6.75 0.69 11.61 57.46 3.06 0.40 5.68 55.85 5.18 0.42 1.96 
4 56.58 6.70 0.70 9.91 57.36 2.94 0.43 3.69 55.95 5.07 0.42 2.31 
5 57.19 6.62 0.68 6.65 57.84 2.81 0.40 1.72 56.22 5.03 0.40 2.86 
6 56.28 6.54 0.68 3.79 57.29 2.70 0.44 4.33 55.75 4.91 0.39 5.57 
7 55.83 6.45 0.68 1.99 58.42 2.59 0.42 5.96 55.62 4.74 0.37 9.18 
8 56.49 6.36 0.65 3.68 57.79 2.45 0.41 9.03 56.10 4.65 0.35 10.94 
9 54.90 6.30 0.68 6.31 58-15 2.32 0.41 11.96 56.46 4.43 0.32 15.04 
10 55.02 6.19 0.64 10.21 58.22 2.19 0.41 14.87 55.14 4.25 0.30 18.15 
11 55.47 6.10 0.65 13.22 58.06 2.05 0.43 18.44 55.47 4.05 0.29 21.21 
12 55.56 6.00 0.67 16.95 58-00 1.92 0.42 20.98 56.42 3.95 0.26 22.24 
13 55.96 5.91 0.65 19.95 57.86 1.81 0.43 23.57 55.74 3.78 0.25 24.34 
14 55.70 5.83 0.65 22.75 58.22 1.57 0.44 28.85 56.64 3.60 0.22 25.84 
15 55.41 5.74 0.68 26.37 58.17 1.41 0.48 33.54 56.70 3.30 0.22 28.95 
16 1 55.78 5.68 0.69 28.75 1 58.12 1.33 0.50 35.91 1 56.87 3.11 0.21 30.26 
Table 4.3 The measured CIELUV lightness, hue and saturation values under D65 
illumination for all 6 hue series, together with the CIELUV colour differences 
between each test colour and reference colour. The test colour highlighted in red 
represents the test colour that matches the reference colour. 
Ref Colour A B c D E F G 
Sat Series Orange Yellow Green Green Red Orange Blue Pink 
Hue Series Green Yellow Green Cyan Yellow Green Purple Green 
Table 4.4 The estimated colour names of reference colours, for all 7 saturation series 
and 6 hue series. 
4.2.5 Experimental procedure 
Figure 4.5 illustrates a typical protocol for an experimental trial. The observer sits in 
front of the experimental box, with his/her head on the chin rest, and views the 
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experimental configuration through the viewing hole in the side of the box. The 
experimenter, sitting on the other side of the box, inserts a white paper card on top of 
the platform within the experimental box. The observer begins the trial by pre- 
adapting to the D65 reference illumination projected onto the white board for one 
minute. During the pre-adaptation phase, the experimenter places a reference plate 
into the box, beneath the white board. When pre-adaptation is complete, 
experimenter removes the white card and replaces it with the reference plate. The 
observer views the reference plate for 10 seconds, after which the experimenter re- 
inserts the white board on the platform and changes the illumination to the test 
illumination by pressing a button (unless the test illumination is D65). The observer 
then performs an arithmetic task, which consists of answering "yes" or "no" to a 
series of written single-digit sums projected onto the white board. For example,: 
"3+4+1+9=16 Yes or No? ", and the observer should press "no" button. During the 
arithmetic task, the experimenter inserts the test plate beneath the white board, and at 
the end of one minute, reveals the plate by removing the white board. The observer 
selects the test patch by stating its location. The next trial then begins with the pre- 
adaptation phase, except for those sessions in which D65 is the test illumination. 
The entire experiment consisted of 5 sessions, each corresponding to one test 
illumination. A single session involved 13 memory trials -7 trials for the 7 
saturation series and 6 trials for the 6 hue series. The order in which the series were 
presented varied between sessions, but were constant between observers. Each 
session requires about 40 minutes to complete, except for sessions with D65 as the 
test illumination, which took about 30 minutes. 
4.2.6 Observers 
Seven observers including the author, all with normal colour vision tested by 
Fransworth-Munsell 100 Hue Test, participated in the experiment. All are students in 
the University of Newcastle-upon-Tyne. Apart from the author, all of them were 
unaware of the purpose of the experiment. 
55 
60 sec 
9=16 Yes or No? 
'a 
m a m 
N O O N 
Figure 4.5 Experimental protocol for one memory trial. Observer first pre-adapts to 
reference illumination for 60 seconds, second, views the reference plate under 
reference illumination for 10 seconds; third, adapts to the test illumination for 60 
seconds while performing an arithmetic task; fourth, views the test plate under test 
illumination and is allowed unlimited time to select which best matches the 
remembered reference patch. 
4.3 Results 
4.3.1 Memory shifts under constant illumination 
Figure 4.6 illustrates the mean remembered saturation vs. the reference saturation for 
the 7 saturation series,, under no illumination changes. The figure shows that the 
remembered saturation either increases or remains the same. For 5 out of the 7 series 
(saturation series A, B, C, F and G), the mean remembered saturation is larger than 
the reference, whereas for the remaining two saturation series (D and E), there is no 
difference between the two. Statistical T-tests reveal significant differences between 
the mean remembered saturation and the reference saturation for saturation series A, 
B and G (T-test, p<0.05). This finding agrees with previous findings on pure memory 
shift at sensory levels (de Fez et al 2001, Hamwi & Landis 1955, Perez-Carpinell et 
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al 1998), which demonstrate that remembered colours tend to be more saturated than 
the reference colour. 
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Figure 4.6 The 7 subjects' mean remembered saturation values, compared with 
reference saturation, for all saturation series, under no illumination change (test: 
D65). Error bars represent the standard errors of the mean. 
Figure 4.7 shows the mean remembered hue values vs. the reference hue values for 
all hue series, under no illumination change. The hue shifts, in this case, are more 
complex than saturation shifts. Statistical T-test indicate that, for hue series A, E and 
K, the differences between the remembered hues and the reference hues are 
significant (T-test, p<0.02); whereas for hue series B, C and D, the differences are 
not significant. Nevertheless, unlike the saturation shift, the hue shift cannot be 
explained simply by a hue shift in a single direction. For example, for hue series A- 
a greenish colour, the mean remembered colour is more greenish, an increase in M 
cone response; for hue series E-a purplish colour, the mean remembered colour 
shifts toward red, an increase in L cone response; and for hue series F- another 
greenish colour, the remembered colour shifts toward blue, an increase in S cone 
response. 
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Figure 4.7 The 7 subjects' mean remembered hue against reference hue values, for 
all hue series, under no illumination change (test. - D65). Error bars represent the 
standard errors of the mean. 
To analyse quantitatively the memory shift, I also calculated the mean CIELUV 
colour differences between remembered colours and reference colours for each 
stimulus series. These results are shown in Table 4.5, which reveals that the size of 
memory shift varies according to the specific colour stimuli and test colours 
employed. For example, hue Series C (colour Blue) has a much smaller memory shift 
than all the other hue series,, and saturation series E (colour Orange) has smaller 
memory shift than all the other saturation series. Nevertheless, in general, hue 
memory is better than saturation memory, and the average memory shift for all hue 
series is 7.08 AE,,, units, smaller than that of saturation shift, 9.22. This finding, 
again, agrees with previous research by de Fez, et. al. (2001), who found hue is the 
best-remembered perceptual attribute. 
Colour Difference A B C D E F G Mean 
Saturation Series 16.57 7.18 9.10 8.23 4.32 11.21 7.91 9.22 
Hue Series 7.98 8.30 3.89 6.89 7.66 7.77 7.08 
Table 4.5 Mean CIEL UV colour differences across observers, between reference and 
remembered colour, for individual saturation1hue series. Final column: overall mean 
memory shiftfor saturation series and hue series. 
The number of observers and stimuli in this experiment are much smaller than some 
systematic experiments on pure memory shift. For example, de Fez et. al. (1998) 
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employed 20 reference colours and recruited 100 observers for a memory matching 
experiment and also investigated the time effect at time lapses of Os, 15s, 15min and 
24h (de Fez et al 1998, Perez-Carpinell et al 1998). Nevertheless, the agreement 
between previous research and our results verify the validity of pure memory shift 
results in this experiment. The main purpose of this experiment is to investigate the 
effect of illumination changes on memory shift. Thus we use the pure memory shift 
mainly as a control, and it is the difference between pure memory shift and combined 
memory shift that interests us the most. 
4.3.2 Memory shifts under changing illumination 
To quantitatively compare the combined memory shift with the pure memory shiftEl 
it is crucial to insure that the colour differences between reference colours and match 
colours are represented equally in perceptual space, under different illuminations. 
The CIELUV colour difference formula is one of the standard formulas for 
computing perceptually uniform colour differences. Nevertheless, its uniformity can 
only be preserved under one illumination. In this experiment, for example, if the 
observer views a reference colour under the reference illumination, but selects the 
match colour under a different illumination, the perceptual colour difference of these 
two colours cannot be measured as the CIELUV colour difference, converted from 
their chromaticity values under the corresponding illuminations. Instead, we can 
either predict the tristimulus values of the reference colour under the test illumination 
and compute the colour difference between the predicted reference chromaticity and 
the real match chromaticity, or predict the match colour's tristimulus values under 
reference illumination and compute the colour difference between the predicted 
match chromaticitiy and the real reference chromaticity. In this experiment, the latter 
method was employed to estimate the combined memory shift, as the pure memory 
shift was assessed under the reference illumination only. 
Therefore, we defined the combined memory shift as the CIELUV colour difference 
between the reference colour patch and the remembered colour patch under the 
reference illumination (D65). To quantify the relationship between the combined 
memory shift and the pure memory shift, e. g. how much colour constancy relies on 
colour memory and how much the illumination change affects colour memory, I 
introduce a new Colour Constancy Index (CCI). This index is defined as 
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CCI=I- cp 
max(SP!, Sc) 
where M stands for the new Colour Constancy Index, SP represents the pure 
memory shift (memory shift under illuminant 1, as shown in Figure 4.8), S, 
represents the combined memory shift (memory shift under illuminant 2, as shown in 
Figure 4.8). Therefore, index value CCI =0 indicates poor colour constancy, i. e. no 
pure memory shift but large combined memory shift ( SP =0); CCI =I indicates 
perfect colour constancy - the memory shift remains the same under changing 
illuminations (SP = S, ); CCI =2 indicates improved colour constancy - no shift 
under changing illumination, thus memory improves under changing illumination 
(S =0). 
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Figure 4.8 An example to show how CCI is computed in a CIE u'v'diagram. 
Table 4.6 shows the experimental results in terms of the CCL under 4 changing 
illuminations. The table reveals considerable individual differences, generating large 
standard deviations (0.23-0.76) between observers. For example, under test 
illuminant D40, subject I achieves a CCI of 0.4 for saturation series A, while subject 
4, for the same series under the same test illuminant, achieves a CCI value of 1.72. 
For each observer, CCI values for different stimuli series also vary. E. g. under test 
illuminant D145, the CCI values vary from 0.24 (Saturation Series A) to 1.8 
(Saturation Series Q. 
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The large individual variance between observers and colour stimuli may be attributed 
mainly to the difficulty of the task. In the experiment, observers had to pick the 
remembered colour from 16 similar test samples. All observers described the task as 
very difficult, and all expressed uncertainty in their choices. On many occasions, 
they simply completed the task by excluding all the unlikely colours, and then 
selecting one of the remaining samples at random. Therefore, to assess the systematic 
effect of changing illumination, it is more appropriate to analyse the results as overall 
mean CCI values, regardless of the inter-individual variance. 
Table 4.7 summarises the results, in the form of the mean CCI for each test 
illuminant, averaged across all observers and stimulus series, for the saturation and 
hue conditions separately. All the CCI values shown in this table are very close to 1, 
indicating perfect colour constancy regardless of the test illuminant. These results 
imply that the size of the pure memory shift is equal to that of the combined memory 
shift. In other words, changes in illumination do not affect the size of the colour 
memory shift. 
The CCI by definition only measures the magnitude, not the direction of the colour 
memory shift. For example, when an observer remembers the reference colour as 
being more saturated under constant illumination, but remembers the same colour as 
less saturated under changing illumination, these two shifts may have the same 
magnitude, thereby causing CCI to equal 1. Under those circumstances, it is not 
appropriate to conclude that changes in illumination do not affect memory shifts. 
Therefore, we must further investigate the direction of the memory shift by 
examining the saturation or hue differences between match and reference colours. If 
the direction of the memory shifts under changing illumination matches the direction 
under constant illumination, then we may confidently diminish the effect from 
changes in illumination. 
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D145 SatA SatB SatC SatD SatE SatF SatG HueA HueB HueC HueD HueE HueF 
Subl 0.24 0.39 1.80 0.99 1.44 1.70 1.00 1.13 1.58 1.01 1.00 1.33 1.00 
Sub2 0.67 0.34 0.47 1.47 0.63 1.48 0.35 1.68 0.24 0.43 0.48 0.79 0.47 
Sub3 0.60 1.40 0.40 1.65 1.00 0.69 1.20 0.96 1.00 1.51 0.19 1.42 1.47 
Sub4 1.52 0.80 1.75 0.90 0.60 1.61 0.20 0.33 0.29 0.43 1.00 1.64 0.31 
Sub5 1.59 1.30 0.71 0.51 0.55 1.00 0.40 0.50 0.40 0.65 1.63 1.00 1.39 
Sub6 
. 79 0.56 0.13 
1.30 1.76 1.80 0.43 1.14 1.49 0.50 0.59 1.00 0.50 
Sub7 0.79 0.27 1.56 0.61 0.55 1.51 1.25 0.87 1.28 0.32 1.43 1.47 0.74 
Mean 0.89 0.72 0.97 1.06 0.93 1.40 0.69 0.94 0.90 0.69 0.90 1.23 0.84 
Std 10.49 0.46 0.71 0.43 0.49 0.40 0.44 0.45 0.58 0.42 0.52 0.31 0.46 
D40 ISatA SatB SatC SatD SatE SatF SatG HueA HueB HueC HueD HueE HueF 
Subl 0.40 0.48 1.49 1.68 0.71 1.70 1.25 1.55 1.58 1.72 1.35 1.81 0.61 
Sub2 0.45 0.34 0.75 1.36 0.68 1.21 1.20 0.36 1.00 0.43 0.48 0.79 1.74 
Sub3 0.85 1.00 0.40 1.65 1.00 1.00 1.69 0.50 1.00 1.51 0.52 1.71 1.77 
Sub4 1.72 1.00 0.69 0.21 1.00 1.87 0.40 0.33 1.00 0.21 1.35 1.64 0.27 
Sub5 1.00 1.67 0.40 1.37 1.00 0.45 0.29 0.43 0.40 1.57 1.00 1.66 1.01 
Sub6 0.48 0.80 0.25 0.65 1.76 1.56 1.02 1.86 1.79 1.43 1.39 0.59 0.44 
Sub7 1.00 1.64 1.56 1.64 0.87 1.61 1.56 1.00 1.41 1.00 1.70 1.42 0.74 
Mean 0.84 0.99 0.79 1.22 1.00 1.34 1.06 0.86 1.17 1.12 1.11 1.37 0.94 
Std 10.47 0.52 0.53 0.57 0.36 0.49 0.54 0.63 0.46 0.60 0.47 0.48 0.60 
Red I SatA SatB SatC SatD SatE SatF SatG HueA HueB HueC HueD HueE HueF 
Subl 1.00 0.81 1.71 1.48 0.71 1.31 1.68 1.55 0.59 1.50 0.63 0.42 1.00 
Sub2 1.41 0.87 1.25 1.00 0.23 0.87 0.51 1.00 1.00 0.21 0.29 1.27 1.77 
Sub3 1.71 1.41 1.88 1.71 0.08 0.89 1.25 0.43 0.40 0.87 1.00 0.51 0.59 
Sub4 0.93 0.81 0.69 0.63 0.24 1.51 0.29 1.01 1.00 0.43 1.35 1.27 0.61 
Sub5 1.93 1.69 1.00 1.42 0.39 0.22 0.29 1.67 0.40 0.65 1.00 1.60 0.87 
Sub6 0.48 0.70 0.25 0.46 1.73 1.90 1.00 1.13 1.49 1.35 1.71 1.00 1.81 
Sub7 1.41 0.48 1.00 0.82 0.87 1.18 1.87 1.00 1.90 0.43 1.70 1.33 0.74 
Mean 1.27 0.97 1.11 1.08 0.61 1.13 0.98 1.11 0.97 0.78 1.10 1.06 1.06 
Std 1 0.50 0.42 0.56 0.47 0.57 0.54 0.65 0.41 0.57 0.49 0.53 0.44 0.52 
Green SatA SatB SatC SatD SatE SatF SatG HueA HueB HueC HueD HueE HueF 
Subl 0.28 0.48 1.87 1.68 1.45 1.31 1.78 1.86 1.32 1.00 1.63 0.60 1.00 
Sub2 1.00 0.39 1.94 1.35 1.13 1.74 1.00 1.69 0.26 0.49 0.48 0.53 1.77 
Sub3 0.56 0.56 0.40 1.49 1.00 0.69 1.37 0.30 1.00 1.00 0.48 1.14 1.13 
Sub4 1.40 0.27 1.00 0.32 1.00 1.87 0.29 0.11 1.00 0.43 0.63 1.00 1.00 
Sub5 1.08 1.44 0.29 0.63 1.00 1.00 0.20 1.67 0.24 1.57 0.60 0.83 1.78 
Sub6 0.48 1.00 0.17 1.00 1.76 1.36 1.31 1.00 1.12 1.00 0.41 0.93 0.44 
Sub7 0.67 0.27 0.40 0.61 0.60 1.87 1.37 0.70 1.10 0.65 1.00 0.60 0.07 
Mean 0.78 0.63 0.87 1.01 1.13 1.41 1.05 1.05 0.86 0.88 0.75 0.80 1.03 
jStd 1 0.39 0.43 0.76 0.51 0.37 0.45 0.59 0.71 0.43 0.39 0.44 0.23 0.63 
Table 4.6 Colour Constancy Index (CCI) values for all saturation and hue series 
(individual observer's results as well as mean and standard deviation values across 
observers), under test illuminants D. 145, D40, Red and Green respectively. 
The mean CIELUV saturation differences between match colour and reference 
colour for the saturation series are plotted in Figure 4.9. Note that to obtain 
perceptually uniform saturation values under different illuminations, all the 
saturation values here are computed under the reference illuminant (D65) only. 
Positive saturation differences indicate that observers remember the colour as more 
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saturated; negative saturation differences suggest that observers remember colours as 
less saturated. The figure reveals that all the colours which are remembered as more 
saturated under constant illumination (1365 - Saturation Series A, B, C, F and G) are 
also remembered as more saturated under other test illuminations (except for 
Saturation Series C, F and G under test illumination D 145, where there are no 
saturation differences between the remembered colour and reference colour). This 
finding proves that the change in illumination does not affect the direction of the 
saturation memory shift in the majority of cases. It is not clear why Saturation Series 
D (red) and Series E (orange) are unusual in that shifts change direction under 
different-test illuminants. The only resemblance between both series is that they have 
almost no memory shift under D65, nevertheless, I cannot give a straightforward 
explanation as to why no pure memory shift causes changed direction of combined 
memory shift. 
Meanindex D145 D40 Red Green 
Saturation Series 0.9522 1.0355 1.0196 0.9822 
Hue Series 0.9191 1.0966 1.0113 0.8941 
Table 4.7 Mean CCI for saturation series and hue series, averaged across all 
subjects and all series within each condition, under test illuminants D145, D40, Red 
and Green respectively. 
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Figure 4.9 Mean CIELUV saturation differences between match colour and 
reference colour, for 7 saturation series. Error bar represents standard error of the 
means. 
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Figure 4.9 shows the mean CIELUV hue differences between the remembered and 
reference colours. Again, all the hue values are computed under the D65 illuminant 
only. The figure suggests that for all the near significant hue shifts under the 
reference illuminant - i. e. Hue Series A, B, E and F (T-test, p<0.08) - the directions 
of the hue shifts are preserved under changing illumination, with only one exception 
(Hue Series E under D40), although this exception is not significant. Therefore, for 
hue series too, the change in illumination doesn't affect the direction of the memory 
shift. 
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Figure 4.10 Mean CIELUV hue differences between match colour and reference 
colour, for 6 hue series. Error bar represents standard error of the means. 
In summary, the near-perfect CCI scores demonstrate that the size of colour memory 
shifts are not influenced by illumination changes; and further analysis of the 
saturation and hue shifts demonstrate that the direction of colour memory shifts also 
are not influenced by illumination changes. These results confirm the experiments' 
main hypothesis that colour constancy relies on colour memory to a degree higher 
than expected. In fact, the results suggest that colour memory is the limiting factor in 
colour constancy, in other words, colour constancy is as good as colour memory 
allows. 
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4.4 Discussion 
4.4.1 The effect of surround colours 
In this experiment, aside from the white surround, the reference plates contain only 
one reference colour each, whereas each test plate possesses 16 different-test colours. 
Brown and MacLeod (1997) demonstrated that the variance of the surround colours 
affects colour appearance: objects appear more vivid against low-contrast surrounds 
than against high-contrast, multicoloured surrounds. Might the expansion of the 
colour gamut in our test plate influence our results? For example, in our experiment, 
we found that "colour tends to be remembered as more saturated". but might this 
effect be due partly to the more vivid surround colours in the test plate? 
The answer is yes. The variance of the surround colours may contribute to the 
"saturation effect", but it is most probably not the only force. Saturation has been 
observed to increase in colour memory even in experiments where surround colours 
were held constant (Newhall et al 1957). Moreover, even if surround colours do 
contribute to the colour memory effect, the contribution should be counterbalanced 
between the combined memory shifts and pure memory shifts. Therefore my main 
conclusion on the role that colour memory plays in colour constancy, remains 
unchanged. 
4.4.2 The effect of illumination type 
In this experiment, I employed 5 different illuminants: three of them (D40, D65, 
D145) are metamers of the CIE standard daylights derived from three basis functions; 
the other two illuminants (Red and Green) are not. Computational studies of colour 
constancy conclude that the fact that most natural illuminants lie within an N- 
dimensional linear model may aid the visual system to achieve colour constancy 
(Maloney & Wandell 1986). Thus we may expect colour constancy to be better for 
test illuminants D40 and D145 than for test illuminants Red and Green. But in our 
experiment, the difference is not significant (ANOVA test, p=0.2622). 
One may argue that we found no difference between illuminants because the three 
standard daylight illuminants in the experiments are only metamers, and, because the 
data projector generated all the illurninants, all 5 illuminants actually have the same 
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basis functions, derived from the red, green and blue filters of the projector. 
Accordingly, we would expect no systematic difference between the various 
illuminations. To test whether colour constancy is better under natural daylight, we 
would need to employ illumination with natural spectral power distribution. At 
present, though, we cannot conclude that there is a significant difference in colour 
constancy between illuminants. 
4.4.3 Colour Constancy Index 
It is important to ensure that the Colour Constancy Index adequately assesses the 
relationship between the combined memory shift and the pure memory shift. In the 
analysis above, the combined memory shift was estimated as the colour difference 
between the match colour and reference colour, both of them perceived under the 
reference illumination; yet this shift may also be represented as the colour difference 
between match colour and reference colour perceived under the test illumination. 
Both results should, in theory, adequately characterize the surface reflectance 
differences between the match and reference surfaces. But because of the non- 
unifonnity of the CIELUV colour space, these two results, although highly correlated, 
are not identical. For example, the colour difference between the reference colour 
and test colour 16 in Saturation Series A (see Table 4.1 for specification) under D65 
is 3 0.10, but under the D 145 illuminant, the colour difference between the same two 
surfaces is 42.71. 
Therefore, I recalculated combined memory shifts under the test illuminations 
instead and then re-evaluated the CCI using the new combined memory shifts results 
(as shown in Table 4.8). The new Index results, although not identical with the 
original shown in Table 4.7, are still, on average, all close to 1. Thus, the general 
conclusion is upheld. 
Meanlndex D145 D40 Red Green 
Saturation Series 0.8815 1.1027 0.9376 1.1679 
Hue Series 0.8920 1.0476 0.9084 1.1565 
Table 4.8 Mean Colour Constanc Index, derivedftom the combined memory shifts y 
calculated under the test illumination, for saturation and hue series separately, for 
each test illuminant DI 45, D40, Red and Green. 
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We developed the CCI mainly for comparative purposes - to compare the combined 
memory shift with the pure memory shift. As the pure memory shift was computed 
under the reference illumination, and the alternative method of computing the 
combined memory shift under the test illumination generates similar outcomes to the 
original method, I thus conclude that the CCI, although not necessarily optimal, 
serves the primary objective of the experiment well. Most importantly, the 
conclusion that changes in illumination do not affect the size of memory shift still 
stands. 
Here I also need to emphasise that my Colour Constancy Index differs from the 
standard colour constancy index in the literature. Traditionally, the degree of colour 
constancy has been assessed by an index that computes the degree of constancy 
between the limits of a perfect surface reflectance match and a chromaticity match. 
The exact formula may vary slightly, but is typically similar to the one proposed by 
Arend et. al., (1991) thus those results are directly comparable (Fairchild & Lennie 
1992, Troost & Deweert 1991). For this index the value I indicates perfect constancy 
- the observer makes a colour match based on surface reflectance; the value 0 
indicates no constancy - the observer makes a chromaticity match. For the sake of 
clarity, I will use I. to stand for the CCI I have introduced for my analysis, andIT 
to represent the traditional colour constancy index. 
AlthoughIN andIT both measure the degree of colour constancy, they emphasise 
different aspects of colour constancy. IT is mostly employed in experiments using 
the method of adjustment; i. e. the observers adjust the colour of test surfaces under 
test illumination to match the reference surfaces under reference illumination, 
simultaneously or successively (Arend et al 1991), or they adjust the colour of a test 
surface to be achromatic under the test illumination (Brainard 1998, Kraft & 
Brainard 1999). The observer may achieve perfect constancy( IT =1) only whenhe 
makes no error in his adjustment match. On the other hand, IN tolerates mistakes 
and accepts that observers might not be perfect at the matching task. Provided the 
size of the error is not influenced by changes in illumination, the colour constancy 
measured byIN is perfect( 
IN --": 1 ). In other words, ITmeasures the precision of 
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colour constancy, while I, takes into account the perceptual limitation and 
constraints on colour constancy. 
4.4.4 Is colour constancy perfect? 
The degree to which our visual system possesses colour constancy has been 
extensively investigated. Often, the degree of colour constancy has been presented in 
the form Of IT , 
but different experimental conditions have generated varing results. 
For example, Arend et. al. (1986) presented 2D Mondrian patches in a simultaneous 
colour matching experiment under different illuminations, and reported an average 
IT of around 0.4 only. In another experiment in which the observer was required to 
adjust the colour to be unique red, green, blue, yellow or grey under various 
illuminants, Arend (1993) obtained an average IT of 0.7. Troost and Weert (1991), 
using a slightly different fonnula for IT, asked observers to perfonn either exact 
colour matching or object matching, and found the latter yielded anIT of 0.82. The 
highest and probably most reliable index value was obtained by Kraft and Brainard 
(1999), when the observer was required to adjust a test patch to appear achromatic 
under nearly natural viewing conditions, the average IT obtained was 0.83. 
All of these experiments, despite differing instructions and setups, all deliver the 
same message: our visual system possesses a certain degree of colour constancy but 
it is not perfect (0 < IT< I). By definition, colour constancy is the ability of the 
visual system to eliminate the illuminant component from the light reaching the eye 
(Troost & Deweert 1991). Perfect colour constancy would thus imply that an object 
viewed under one illuminant will appear exactly the same under another illuminant, 
and our visual system would not be able to detect the changes of illumination. 
Taking this extreme view, that to be perfect, our colour constancy system must 
discard the illuminant component completely, we must argue that colour constancy 
can hardly be perfect. Hue and saturation matches (or appearance matches) under 
different illuminations in asymmetric colour matching experiments have been shown 
to yield poor constancy, while object matches (when the test object is accepted as the 
same object as the reference object under different illuminant), generate better colour 
constancy than appearance matches only (Arend & Reeves 1986, Arend et al 1991, 
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Troost & Deweert 1991). Moreover, observers are usually able to detect changes in 
illumination easily (Foster et al 1999), but in an ideal colour constant world, these 
changes in illumination should not be observed. 
But if we consider colour constancy in a more natural perspective, we may argue that 
the ultimate purpose of colour constancy is to aid object recognition - to prevent an 
object from being perceived as a different object due to variations in illumination 
(Hurlbert 1998, Troost & Deweert 1991). Thus colour constancy may be considered 
perfect provided the object has not been falsely recognized, or, in other words, colour 
shifts resulting from changes in illumination should not prevent an object from being 
identified by its colour. 
In the natural world, to recognize an ob ect accurately, the visual system must 
tolerate the mistakes produced by colour memory. Therefore, there must be a certain 
range of colour shifts within which the object')s colour may still be identified as the 
same. In the experiment described here, we have shown that this degree of tolerance 
is not affected by changes in illumination. Therefore, colour constancy, if defined as 
the ability to prevent changes in colour due to illumination changes being falsely 
perceived as changes in object colour, is actually perfect. Or, to avoid confusion with 
other definitions of colour constancy, we may say that colour constancy is as good as 
memory allows. 
4.4.5 Further implications 
In this experiment, we have found that colour constancy relies on colour memory. 
Here we discuss the further implication of this fmding. In Jin and Shevell's (1996) 
experiment, they asked the sub ects to view the reference patch under either 
illuminant A or C for I minute. After a 10 minute delay, the observer adjusts the 
colour of the test patch to match the remembered reference colour, under either 
illuminant A or C. Thus their experiment examined both colour memory (when the 
test illuminant is the same as the reference illuminant), and colour constancy (the test 
illuminant differs from the reference illuminant). Although they did not compare 
colour constancy with colour memory explicitly, their results revealed that colour 
recalled from memory is based on an inferred spectral reflectance of the surface 
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rather than retinal cone signals. Our experimental results match their conclusions 
well. 
If colour is remembered as surface reflectance, then the shift in colour memory 
should contain two components: the colour shift derived from computational errors 
in the predicted surface reflectance, and the colour shift derived from the decaying 
memory. All colour memory studies so far assume that the memory shift originates 
from decaying memory only. Nevertheless, computational colour constancy studies 
have shown that estimating the surface reflectance from limited cone signals can 
create errors (Maloney & Wandell 1986). These errors then, should also be reflected 
in the measured memory shift. 
Accordingly, some established memory effects, such as the increase in saturation of 
remembered colour, may also be due to inadequate computation of the surface 
reflectance. This hypothesis is partially supported by de Fez et. al. (2001) results 
from an asymmetric colour matching experiment, in which the matched colour, when 
presented under a different illumination simultaneously, was found to be more 
saturated than the reference colour. More systematic experiments are needed to 
verify the speculation explicitly. 
Methods to study colour memory have been well established by previous research. If 
the deficiency in remembering colours is due to the inadequate recovery of surface 
reflectance, then these 'tried and tested' colour memory experiments may be 
employed as an empirical platform for ftirther studies in colour constancy. In 
computational colour constancy studies, several proposals of how surface reflectance 
is recovered from the retinal cone signals have been developed; conversely, results of 
colour memory studies might help to test these models experimentally. 
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Chapter 5 Colour and size 
interactions for simple 3D 
objects 
5.1 Introduction 
In the natural world, objects are characterised by a variety of attributes, including 
surface colour, texture, and 3D shape. The contributions of these attributes to object 
recognition are often studied independently of each other (Biederman & Ju 1988, 
Edelman & Poggio 1991, Humphrey et al 1994, Swain & Ballard 1990, Yip & Sinha 
2002), yet they are likely to interact in natural tasks. Recent results support this 
conjecture: for example, the perception of 3D shape influences surface colour 
perception via unconscious mechanisms that take account of mutual illumination 
(Blej et al 1999, Doerschner et al 2004); binocular disparity cues to 3D shape 
influence colour appearance under illumination changes (Yang & Shevell 2002); and 
Stroop-like interferences demonstrate that colour and shape interact in object 
representation (Naor-Raz & Tarr 2003). 
Colour speeds naming of an object when it is diagnostic for the shape (e. g. a yellow 
banana is more quickly identified than a black-and-white line drawing of a banana) 
or when information about shape is ambiguous or otherwise degraded (Tanaka et al 
2001 
, Tanaka & Taylor 
199 1). But, as Naor-Raz et al. (2003) emphasise, most past 
studies of the role of colour in object representation have not addressed whether 
colour is an integral attribute of representation. Naor-Raz et al. (2003) conclude from 
a shape-colour Stroop-like effect for pictures of familiar objects that colour is 
intrinsic to object representation. 
The studies described above examined colour and shape interaction at the perceptual 
stage. The shape variables used there were mostly in the fonn of familiar objects. 
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The question as to whether colour and shape interact at the sensory level, though, is 
yet to be addressed. 
In this chapter, I employ the experimental box for simple 3D neutral shapes. My aim 
is to establish baseline measurements of colour discrimination for 3D objects under 
these viewing conditions and to address three basic questions at sensory level: how 
do 3D shape differences influence colour discriminability; how do colour differences 
influence shape discriminability; and how do colour and shape interact to determine 
object similarity? 
Here I simplify the shape variable to the single component of size, using a collection 
of solid domes that differ only in radius and height. I also find support for the 
conclusion that colour is intrinsic to object representation, in that colour 
discrimination thresholds increase when the task is to determine similarity of 3D 
objects and the only relevant variable is size. 
5.2 Methods 
5.2.1 Objects 
For the experiments described in this chapter, I used simple objects made from 
plaster of paris. I sculpted a series of hemi-ellipsoidal dome shapes from a 
hemispherical kitchen mold (radius: 3.5cm), by slicing off planes of varying 
thickness from the hemispheres' bases. Thus, each dome in the series is characterised 
by its height, from base to peak - as measured with a Vernier Calliper Dial Type 
(range: 6"/150mm, accuracy: O. Olmm) - and radius, half of the maximal diameter of 
the circular base. The eight object heights selected for the experiment, labelled from 
I (smallest) to 8 (largest) are listed together with their corresponding radii in Table 
5.1. Figure 5.1 shows photographs of the kitchen mold, and the largest and smallest 
objects (objects 8 and 1) used in the experiments. 
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Label Height (cm) Radius (cm) 
1 2.09 3.20 
2 2.19 3.24 
3 2.30 3.29 
4 2.40 3.32 
5 2.51 3.36 
6 2.59 3.38 
7 2.71 3.41 
8 2.80 3.43 
Table 5.1 Experimental objects properties. Height is measuredftom the flat base of 
the dome to its peak; radius is measured as haýf of the longest chord of the circular 
base. 
Figure 5.1 Photograph of the kitchen mold usedfor making the objects (left image), 
and side views of the biggest (middle image) and smallest (right image) objects used 
in the experiments. 
For each object label, several identical objects were produced and painted uniformly 
with matt white paint. 
5.2.2 Projector calibration and colour selection 
The pattern of projected light was consistent with that formed by an unfocussed light 
source at a finite distance above the object background; the maximum luminance 
variation in a specified uniform image was 21.5%, and perceptually undetectable, 
and the maximum chromaticity variation was insignificant (less than 1%). Over any 
one object, the luminance variation was less than 5%. Between trials within each 
experimental block, and between blocks, the locations of targeted objects were 
randomized so that they appeared equally often at each position, thus minimizing any 
effects of spatial inhomogeneity in luminance. 
I confirmed and refined the characterisation for each experimental colour by 
measuring the chromaticities of the predicted RGB values (as projected onto object 
surfaces) with a Photo Research PR-650 spectroradiometer. Where the measured 
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chromaticity did not match the expected value, I altered the RGB values until the 
best fit was obtained. Table 5.2 lists all the colours used in the experiments and their 
peak luminances and chromaticity coordinates. The details of how and why these 
colours were selected will be described in the following sections. 
Colour CIE Y CIE x Associated task 
, Background' 10.8 0.32 0.374 All 
'Purple' 11.3 0.313 0.343 All 
'Cyan' 11.3 0.272 0.372 All 
'Pink' 12.2 0.336 0.357 All 
'YellowGreen 0' 10.6 0.342 0.432 All 
'YellowGreen 1' 10.3 0.344 0.435 'colour', 'similarity' 
'YellowGreen 2' 10.4 0.347 0.442 'colour' 'similarity' 
'YellowGreen 3' 10.4 0.350 0.448 , 'colour' 'similarity' 
'YellowGreen 4' 10.3 0.352 0.455 , 'colour', 'similarity' 
'YellowGreen 5' 10.3 0.355 0.46 'colour' 'similarity' 
'YellowGreen 6' 10.4 0.356 0.467 , 'colour', 'similarity' 
'YellowGreen 7' 11.0 0.361 0.475 'colour' 'similarity' 
'YellowGreen 8' 10.7 0.364 0.482 , All 
_'YellowGreen 
9' 1 10.1 1 0.378 1 0.538 'size' 
Table 5.2 Luminance and chromaticity coordinates of all the colours used in all 
three experimental tasks. 
In the experiments, I employed as our target colours a series of 10 yellowish-greens. 
I selected these colours firstly because they lie along the blue-yellow natural daylight 
axis, and secondly because the projector performed best in this region of colour 
space. Thus, I was able to obtain sub-threshold colour differences between adjacent 
yellowish-greens. These colours are labelled from 'YellowGreen 0' to 'Yellow 
Green 9' in Table 5.2, and, as indicated in Table 5.3, have nearly constant hue and 
lightness, varying primarily only in saturation. 
Colour Lightness Hue Saturation 
'YellowGreen 0' 99.39 6.12 0.35 
'YellowGreen 1' 98.18 6.13 0.37 
'YellowGreen 2' 98.37 6.13 0.41 
'YellowGreen 3' 98.44 6.14 0.44 
'YellowGreen 4' 98.11 6.14 0.48 
'YellowGreen 5' 98.18 6.16 0.51 
'YellowGreen 6' 98.62 6.13 0.54 
'YellowGreen 7' 100.43 6.16 0.58 
'YellowGreen 8' 99.64 6.16 0.61 
'YellowGreen 9' 1 97.33 6.08 10.86 
Table 5.3 Lightness, hue and saturation values (LHS, - in CIE Luv space) of the 10 
target yellowish-green colours. 
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5.2.3 General experimental procedure 
Observers viewed a4x4 array of domes of varying size (at least I individual per 
size category as labelled in Table 5.1) and surface colour; Figure 5.2 shows a typical 
image from the experiments. 
Figure 5.2 A photograph of a typical object array used in the experiments. The 
pointers indicating the reference object (double cursor) and its target alternatives 
(single cursors) have been darkened and enlargedfor illustration. 
On any one trial, only two or three objects (depending on the experiment) were 
targeted for the task, with the other objects acting as distracters. Small stationary 
triangular pointers indicated the targeted objects. The pointer's distance from each 
target object was varied randomly from trial to trial, within a small range of locations 
at the bottom left of each target. The observer used a joystick to move an additional 
darker pointer to select one of the targeted objects, and pressed a joystick button to 
confirm the choice. The program then recorded the information for that object and 
started the next trial. (Note that the pointers in Figure 5.2 have been magnified for 
clarity in the compressed figure. ) The surface colours of the targeted objects were 
always a subset of the YellowGreen colours listed in Table 5.2. The distracters' 
colours were randomly assigned so that for each trial, there would be 4 'cyan', 4 
'pink", and 4 'purple' objects in addition to the 4 YellowGreen objects. Thus, the 
space-averaged chromaticity of the overall scene on each trial was near-neutral (CIE 
Yxy: [11.375,0.3213,0.3885]). On each trial, the locations of the targeted objects 
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were randomly selected (within the constraints of the experimental requirements), 
and the distracter colours were randomly re-assigned to the remaining objects. After 
each block of trials in each experiment (the number of trials depending on the 
experiment) the experimenter physically re-arranged the objects within the array, so 
that observers were unable to remember specific size-location associations. 
The observer performed three specific experiments, corresponding to three distinct 
tasks: (1) shape discrimination; (2) colour discrimination; and (3) object similarity. 
In each block of trials, the observer performed only one particular task. No feedback 
on performance was given at any time. The following sections provide detailed 
descriptions for each task. 
5.2.4 Unimodal size discrimination task 
In the size discrimination task, the observer was simply instructed to choose which of 
two targeted objects was 'bigger. ' On each trial, the targeted objects had the same or 
different colours chosen in pairwise combinations from the following set of three 
colours: YellowGreen 0,8 and 9, with YellowGreen 0 being the least saturated and 
9 the most saturated. Four reference sizes were pairwise compared with each of the 
remaining seven sizes, for each of the five colour conditions detailed in Table 5.4. 
Note that each reference size and comparison size were represented by at least two 
objects, which between them appeared at all 16 array locations, thereby minimizing 
any size-location effect. 
Condition Reference object's colour Test object's colour 
1 YellowGreen 9 YellowGreen 0 
2 YellowGreen 8 YellowGreen 0 
3 (control) YellowGreen 8 YellowGreen 8 
4 YellowGreen 0 YellowGreen 8 
5 YellowGreen 0 YellowGreen 9 
Table 5.4 Thefive colour conditions used in the size discrimination task. 
Condition 3 is the control condition, in which the targeted reference and test objects 
have the same surface colour. In conditions I and 2, the reference object has the 
more saturated colour and the test object has the less saturated colour. The reverse 
occurs in conditions 4 and 5, where the test objects colour is more saturated than the 
reference object's colour. For each size-pair and condition combination, at each 
reference size, observers performed 16 trials. The 1408 total trials were split into 8 
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blocks of 176 trials each; each block lasted approximately 10- 15 minutes. For each 
reference size, I therefore obtained a size discrimination psychometric function for 
each condition. 
5.2.5 Unimodal colour discrimination task 
In the colour discrimination task, the observer viewed one reference object with two 
alternative test objects and was instructed to select 'the object with the same colour' 
as the reference object. Only two object sizes were employed in this task: object I 
(smallest) and object 8 (biggest). The two test objects always had the same size, and 
one alternative's surface colour was always the same as the reference colour. Table 
5.5 lists the three different size conditions used in the colour discrimination task. 
Condition Reference Object size Test Objects' size 
1 Object 8 Object 1 
2 Object 1 Object 8 
3 (control) Object 81 Object 8 
Table 5.5 The three size conditions used in the colour discrimination task. 
Condition 3 is again the control condition, in which the surface colours of same-sized 
objects were compared. In condition 1, the two test alternatives are smaller in size 
than the reference object, whereas in condition 2, the two alternatives are bigger than 
the reference object. 
For each size condition, I tested two reference colours: YellowGreenO and 
YellowGreen8. For each reference colour and condition, each of the remaining 8 test 
colours from the full set of 9 listed in Table 5.3 was tested 16 times. For each 
reference colour and size condition, I fitted a psychometric function to the percentage 
judged different for each test colour. 
5.2.6 Object similarity task 
In the object similarity task, observers again viewed one reference object with two 
alternative test objects, but were now instructed to select 'the object that is most 
1) similar to the reference object . Observers were not told to attend to any particular 
feature of the object, but simply to make a choice based on 'overall similarity. ý 
Within each session, trials of two different types were randomly mixed. In condition 
1, the two alternative test objects had the same colour but different sizes, with one 
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alternative having the same size as the reference object. Thus in this condition, the 
only attribute that could contribute to the choice between the two alternatives was 
size. In condition 2, the two alternative test objects had the same size but different 
colours, with one alternative having the same colour as the reference object. In this 
condition, the identical size of the two compared objects provided no extra 
information, and thus colour should provide the only useful cue for the task. In both 
conditions, the reference object had size 8 and colour YellowGreen 8 (i. e., the largest 
size and most saturated colour). All remaining seven sizes were tested for each of 
five test colours, and all remaining eight colours were tested for each of 4 test sizes, 
with 16 trials per size-colour combination. 
In both conditions, one of the object attributes should not be relevant for the task, and 
therefore, the object similarity task should simplify to the unimodal size or colour 
discrimination task. I therefore plot psychometric functions of the same format as in 
Experiments I and 2, and compare their curves and thresholds to detennine whether 
the assumption of non-interaction between the attributes is valid. 
5.2.7 Observers 
Three male and four females (age range 21-45 years) acted as observers. All had 
normal colour vision as assessed by the Farnsworth-Munsell I 00-hue test. Each 
observer participated in all three experimental tasks. 
5.2.8 Data Analysis 
Psychometric functions were fitted to the percentage 'bigger' (Experiment 1) or 
'same' (Experiments 2 and 3) responses as a function of object height or colour, 
using the psignifit toolbox, version 2.5.41 for Matlab (see http: //bootstrap- 
software. org/psigni fit/), which implements the maximum-likelihood method 
(Wichmann & Hill 2001 a, Wichmann & Hill 2001b). 
5.3 Results 
5.3.1 Size discrimination task 
There were four reference objects and five colour conditions in this task. For each 
colour condition, the observer viewed the two indicated objects and selected the 
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'bigger' one. Thus, for each reference object and each colour condition, I fit one 
psychometric function to the proportion judged larger than the reference object, as a 
function of ob ect height. These fitted psychometric functions, averaged over all j 
seven observers, are shown in Figure 5.3. 
Figure 5.3 illustrates the differences between psychometric functions for the distinct 
colour conditions in the size discrimination task, and Figure 5.4 summarises the 
results in terms of the size discrimination thresholds obtained from the fitted 
functions. For a given reference object height, we calculated the threshold as the 
height difference between that reference height and the object's height corresponding 
to the . 25 or . 75 point on the 
fitted 'proportion-bigger' ftinction. The smaller the 
discrimination threshold, the better the size discrimination. 
a 
1 
0.8 
0.6 
0.4 
0.2 
§ 0- 
c 
0 
0 
cl 
2 
CL 
0.8 
0.6 
0.4 
0.2 
() 0 
C 
2.2 2.4 2.6 
b 
16 
1 
0,8 
0.61 
0.4; 
0.2 
oi 
1 
0.8 
0.6 
0.4 
0.2 
ol 
Rot Saturation > Test Saturatior, 
- RefCoiourYG9, TestColourYGO 
- RefCoiourYG8, TestColourYGO 
Ref Saturation ý Test SXurahon 
- RetColourYG8, TestColourYG8 
Ref Saturation< Test Satufation 
RetColourYGO, TestColourYG8 
RetColourYGO, TestColowYG9 
2.8 2.2 
Object Height (cm) 
Ref: Object YGO: Least Saturated, YG9: Most Saturated 
2.4 2.6 2.8 
Figure 5.3 Proportion judged 'bigger'for 4 reference objects in size discrimination 
task under 5 colour conditions, averaged ftom the data of 7 observers (solid dots, 
each colour for each condition). Error bars on each dot indicate the standard error 
of the mean. Solid curves represent fitted psychometric functions, obtained ftom 
psignifit software (see text). ). Each panel's reference object is as follows: a -- object 
]; b -- object 4; c -- object 6; d --object 8. Information for each object is listed in 
Table 5.1; informationfor each colour condition is listed in Table 5.4. 
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In Figure 5.3-a, the reference object (Object 1) is always smaller than or equal to the 
test ob . ect. Here, for the conditions when the reference colour is more saturated than 
the test object (red and blue curves), the near-threshold slopes are smaller than the 
control condition when the two test objects have the same colour (black curve), and 
the . 75 thresholds are correspondingly 
higher. Conversely, when the reference object 
is less saturated in colour than the test object (cyan and magenta curves), the effect is 
the opposite: . 75 thresholds are lower than for the control condition. These 
differences suggest better size discrimination when the bigger object has the more 
saturated surface colour, and worse size discrimination when the smaller object has 
the more saturated colour. 
In Figure 5.3-d, the reference object (Object 8) is always bigger than or at least equal 
to the test object. Again discrimination thresholds (at . 25) are smaller when the 
reference object has the more saturated surface colour (red and blue curves), and 
larger when the smaller object has the more saturated surface colour (cyan and 
magenta curves). The . 25 and . 75 thresholds for Objects 6 and 4 show similar 
differences between the conditions. 
In Figure 5.4,1 report the . 25 threshold for the relatively large reference objects 
(objects 6 and 8), which are almost never judged smaller than the test objects, 
whereas for the smaller reference objects (objects I and 4), 1 report the . 75 
discrimination threshold. 
Figure 5.4 suggests that for reference objects I and 4, size discrimination deteriorates 
when the reference colour is more saturated than the test colour, relative to the 
control condition, but even more so, in comparison with the colour conditions where 
the reference colour is less saturated than the test colour. The effect is reversed for 
reference objects 6 and 8, in which thresholds are lower when the reference object 
has the more saturated surface colour. On average, thresholds for colour 
discrimination for conditions in which the larger object has the more saturated colour 
are significantly smaller than where the larger object has the less saturated colour. 
The simplest explanation for these results is that objects with more saturated colours 
are perceived as larger the saturation-size effect. 
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Figure 5.4 Size discrimination thresholds under 5 colour conditions for 4 reference 
objects, averaged over 7 observers. Note that discrimination thresholds for object I 
and 4 are taken at the . 75 
level ftom the psychometric function, whereas 
discrimination thresholds for object 6 and 8 are at . 25. Error 
bars indicate the 
bootstrap 95% confidence limitsfor the thresholds, obtainedftom psignifit software. 
Figure 5.3 and Figure 5.4 report data averaged over 7 observers. I illustrate the range 
of individual saturation-size effects in Figure 5.5, where a coloured diamond 
represents each individual observer. The vertical axis represents the difference in 
discrimination threshold with respect to the control condition (condition 3) -- thus, 
negative values indicate superior discrimination performance, while positive values 
indicate inferior size discrimination in comparison with the control. For reference 
objects I and 4, most observers have larger discrimination thresholds for conditions I 
and 2, in which the reference colour is more saturated than the test colour, than for 
the control condition; whereas for conditions 4 and 5, individual results mostly lie 
below zero, indicating better size discrimination with respect to the control condition. 
Converse results are obtained for reference objects 6 and 8. This figure confirms that 
the saturation-size effect occurs for most observers for most conditions, as well as on 
average. 
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Figure 5.5 Individual differences in size discrimination thresholds, relative to control 
condition thresholds (condition 3 in Table 5.4: same-colour comparison). Each 
coloured triangle represents the relative threshold change for one observer. The 
reference objects are: object I (a); object 4 (b); object 6 (c); object 8 (d). 
5.3.2 Colour discrimination task 
In this task, observers viewed a reference object and two test objects simultaneously, 
one of which always had the same surface colour as the reference object. Each 
observer performed 16 trials per colour alternative, for each of two reference colours 
under each of three size conditions. Figure 5.6 plots the resulting 'proportion- 
different' data as a function of the test colour, measured in units of distance from the 
neutral origin in CIE xy space (i. e, with saturation increasing to the right), averaged 
over all seven observers. These data were fed into the psignifit engine; the resulting 
psychometric functions are also shown in Figure 5.6. 
0.5 
0 
-0.5 
b 
Ref: Object4 
RI) 
The control curve (black curve; condition 3: reference size object 8 and test size 
object 1) illustrates the baseline colour discrimination performance when no size 
difference is present. The control curves for both reference colours are steeper than 
the curves for conditions in which reference and compared objects have different 
sizes (conditions I and 2; red and blue curves). There are no significant differences 
between the curves for conditions I (red curves) and 2 (blue), when the reference/test 
size pairings are object 8/object I and object I/object 8 respectively. Thus, colour 
discrimination for objects of the same size is significantly better than for objects of 
different sizes. 
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Figure 5.6 Proportion judged different for 2 reference colours under 3 size 
conditions, averaged over 7 observers. Error bars on each dot indicate the standard 
error o the mean. Solid curves represent fitted psychometric functions, obtained by )f 
psignifit software. The left panel's reference colour is YellowGreen 0; the right 
panel's reference colour is YellowGreen 8. Informationfor each colour is listed in 
Table 5.2 andfor each size condition in Table 5.5. 
Figure 5.7 surnmarises the difference in colour discrimination performance between 
conditions in terms of the average colour-difference discrimination thresholds for all 
7 observers. The discrimination thresholds are calculated as the difference between 
the reference colour and the colour corresponding to the 0.75 'proportion-different' 
level on the fitted function,, in units of CIE chromaticity distance from neutral. The 
smaller the threshold, the better the colour discrimination. For both reference colours, 
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discrimination thresholds are significantly smaller for the control condition (black 
bar). 
Figure 5.8 illustrates the range of individual results on the colour discrimination task. 
Each coloured diamond represents the colour-difference threshold relative to the 
control threshold for one observer -- i. e., the difference between the discrimination 
threshold for the condition specified on the x-axis and the threshold for the same-size 
control condition (condition 3, reference size object 8 and test size object 8). 
Negative values thus represent superior discrimination with respect to the control 
condition, and vice versa. Under both conditions I and 2, when the reference object's 
size is different from the alternative objects' sizes, the differences are positive, 
indicating that for each observer, colour discrimination improves when the objects 
have the same size. 
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Figure 5.7 Colour discrimination thresholds for 3 size conditions for each of 2 
reference colours, averaged over 7 observers. Error bars indicate the bootstrap 95% 
confidence limitsfor the thresholds, obtainedftom psignifit software. 
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Figure 5.8 Colour-difiference discrimination thresholds for the three size conditions, 
relative to the same-size control condition (condition 3 in Table 5.5). Each coloured 
diamond indicates the resultfor one corresponding observer. The reference colour 
for the left panel is YellowGreen 0, andfor the right panel, YellowGreen 8. 
5.3.3 Object similarity task 
In the object similarity task, observers viewed one reference ob ect and two j 
alternative test objects on each trial, and were asked to select which alternative was 
more 4similar' to the reference object. The task can be divided into two categories, as 
described in the methods session: same-colour/different-size alternatives, and same- 
size/different-colour alternatives. Although in every testing session, the trial 
categories were randomly intermixed, here I separate their results in Figure 5.9 and 
Figure 5.11. 
Figure 5.9 shows the results from the same-colour category, in which the two test 
objects had the same colour (either YellowGreen 0,2,4,7 or 8) but different sizes, 
one of which was identical to the reference size (object 8). Each curve represents the 
proportion of trials on which the matching size was selected over the non-matching 
alternative, as a function of the non-matching size. In other words, each curve 
represents a size-discrimination function: the proportion correctly judged different at 
each non-matching size, for each colour. 
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Figure 5.9 Psychometric functions for size discrimination under different colour 
conditions in object similarity task; data averaged over 7 observers. Error bars 
indicate the standard error of the mean. 
It is apparent from Figure 5.9 that the size-discrimination functions do not vary 
significantly with colour (ANOVA confirms that the proportions are not significantly 
different except at one isolated height each for colour pairs 0 and 8, and 7 and 8). In 
one sense, this result is not surprising: on any given trial of this category, the two 
alternatives under comparison have the same colour, so colour should not influence 
the discrimination task. For all conditions except when the test objects have surface 
colour YellowGreen8, neither alternative is the same colour as the reference object, 
so the similarity should be determined by the size similarity alone. The slight 
difference visible between Colours 0 and 8 is consistent with the saturation-size 
effect evident in the unimodal size discrimination task: here, the larger size of the 
reference object, which has the more saturated colour, should be most discriminable 
in comparison with the smaller of the two alternative objects, which has the less 
saturated colour. Thus, we would expect the similarity judgment to be sharper than 
for the control condition,, in which the smaller object has the same colour as the 
reference object. But, the sharpening is much less pronounced than in the unimodal 
size-discrimination task, and not significant. 
In fact, because the colour-size configurations are exactly the same in the unimodal 
discrimination and object similarity tasks, I may directly compare the two sets of 
results. Doing so yields a difference: in the object similarity task, the size- 
discrimination curves are flattened for each colour pair. Figure 5.10 explicitly shows 
this difference for the two control conditions in the two tasks. In both conditions, the 
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reference object and alternative objects all have the same colour (YellowGreen 8, the 
most saturated colour). The reference object is size 8, the largest, and thus by virtue 
of colour and size, should appear to be the largest in any comparison except with 
itself. This expectation is borne out in both curves - smaller objects appear more 
different. (The control curve from Figure 5.3 has been inverted to represent 
'proportion-judged-smaller', and thus accord with the 'proportion-judged-different' 
in the similarity task. ) But the difference in slopes of the discrimination curves for 
the two tasks shows that it is easier to distinguish the size difference in the unimodal 
task than in the object similarity task. 
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Figure 5.10 Comparison of the control conditions for the unimodal size- 
discrimination and the same-colour category in the object similarity tasks (reference 
object 8, colour 8; note that the size-discrimination curve is obtained by inverting the 
control curve for reference object 8 in Figure 5.3-d). Psychometric functions are 
fitted to the averaged data for 7 observers as described above. Error bars indicate 
the standard error of the mean. 
Likewise,, the slope of the curve for condition 2 for reference object 8 in the 
unimodal size discrimination task is steeper than for the directly comparable 
condition (Colour 0) in the object similarity task. I suggest below that this difference 
may be due to an interaction between colour and size in object representation, which 
is necessarily accessed in the similarity task but not in the unimodal task. Support 
for the argument comes from the results for the second category of trial in the object 
similarity task. 
Q '7 
In the second category of trial (same- size/different-colour), the reference object was 
again object 8 with surface colour YellowGreen 8. The two alternative test objects 
had the same size (either 1,4,7 or 8), but differed in colour, one alternative having 
the same colour as the reference. Hence, for each size condition, we obtain a colour 
discrimination curve, shown in Figure 5.11 for the data averaged over all 7 observers. 
Here, the control curve (black) shows the proportion of trials on which the non- 
matching colour was correctly judged as different, for the condition in which the 
reference and alternative objects all had the same size (object 8). 
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Figure 5.11 Psychometric functions for colour discrimination under different size 
conditions in object similarity task; data averaged over all 7 observers. Error bars 
indicate the standard error of the mean. 
Similarly to the size-discrimination category discussed above, the colour- 
discrimination curves do not vary significantly with the size of the alternative objects. 
Yet,, again, I may directly compare these results with the results from the analogous 
conditions in the unimodal colour-discrimination task. Figure 5.12 illustrates the 
difference between the colour discrimination performances for the two control 
conditions under the two distinct tasks. For each task, the reference and alternative 
test objects are all of size 8, and the reference colour is YellowGreen8. Here, the 
only difference between the two tasks, on any trial for this particular condition, is in 
the instructions to the observer: either to choose the object with the same colour, or 
to choose the most similar object. Performance is again better for the unimodal task: 
its threshold discriminable colour difference is less than half that for the object 
similarity task. 
RR 
Figure 5.13 summarises the difference in average discrimination thresholds, for the 
two different categories in the object similarity task, relative to their counterparts in 
the unimodal discrimination tasks. The thresholds in the object similarity task are 
significantly larger than in the single attribute discrimination tasks. Table 5.6 and 
Table 5.7, respectively, list the individual observers' size and colour discrimination 
thresholds for the unimodal discrimination and object similarity tasks. For each 
attribute, the unimodal threshold is significantly smaller than the corresponding 
similarity discrimination threshold, for 6 out of 7 observers. Thus, both for 
individual observers and on average, discriminations of attribute differences are 
poorer for the object similarity task. 
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Figure 5.12 Comparison of the control conditions for the unimodal colour- 
discrimination and the same-size category in the object similarity tasks (reference 
object 8, colour YG8; note that the colour-discrimination curve is the control curve 
ftom the right panel, Figure 5.6) Psychometric functions are fitted to the averaged 
data for 7 observers as described above. Error bars indicate the standard error of 
the mean. 
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Figure 5.13 Discrimination thresholds obtainedftom averaged data for 7 observers, 
for control conditions in the unimodal discrimination tasks and the two categories of 
object similarity task (all with reference object 8, colour 8). Error bars indicate the 
bootstrap 95% confidence limitsfor the thresholds, obtainedftom psignifit software. 
Size Discrimination Threshold (cm) UniModal Similarity Difference 
Observer AG 0.118 0.937 0.819* 
Observer ACH 0.399 0.278 -0.121 Observer JJN 0.134 0.475 0.340* 
Observer KW 0.073 0.422 0.349* 
Observer LAT 0.075 0.281 0.206* 
Observer SH 0.087 0.325 0.238* 
Observer YL 0.169 0.285 0.116* 
Mean Result 1 0.124 1 0.387 1 0.264* 
Table 5.6 Individual size discrimination thresholds in the unimodal discrimination 
and object similarity tasks, and their difference, for all 7 observers. Differences that 
are significant at the 95% confidence level (as determined by psignifit) are marked 
with an asterisk. 
Colour Discrimination Threshold UniModal Similarity Difference 
Observer AG 0.007 0.017 0.010* 
Observer ACH 0.007 0.021 0.014* 
Observer AN 0.013 0.027 0.014* 
Observer KW 0.012 0.026 0.014* 
Observer LAT 0.012 0.028 0.016* 
Observer SH 0.016 0.029 0.013* 
Observer YL 0.011 0.019 0.007 
Mean Result 0.007 0.017 0.010* 
Table 5.7 Colour discrimination thresholds in colour discrimination and object 
similarity tasks as well as their differences for all participants. Differences that are 
significant at the 95% confidence level (as determined by psignifit) are marked with 
an asterisk. 
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Before pursuing the implications of this result, I must insure that the difference 
between the unimodal and bimodal size discrimination thresholds is not due simply 
to the structural difference between the tasks. Here I used a 2AFC task for the 
unimodal size discrimination task (the observer views only two objects, and chooses 
the 'bigger' one) and an oddity task for the bimodal similarity task (the observer 
must look at three objects and judge which of two is more similar to the first). The 
former task might inherently yield sharper discrimination than the latter, and this 
difference may account for the apparent difference between the unimodal and 
bimodal thresholds. To exclude this possibility, I performed a control experiment, 
testing five observers (KW, AG, SH, YL, and ACH) on a unimodal size oddity task. 
Observers were presented with three targeted objects on each trial, as on the object 
similarity task, but now had to select which of the two test alternatives was more 
similar in size compared with the indicated reference object. Over all 5 observers, 
performance on the control size oddity task (reference object 8; reference and test 
object colours YG8) was indeed worse than on the 2AFC size discrimination task 
{F(1,64) = 13.3 1, p<0.00 1, two-way anova; 75% thresholds of mean response curve: 
0.24 +- 0.02 vs. 0.13 +- 0.02), but still significantly better than on the similarity task 
IF(1,64) 11.63, p<0.0015; 75% thresholds of mean response curve: 0.24 +- 0.02 
vs. 0.39 0.06). Thus, the difference in size discrimination thresholds between the 
unimodal and bimodal tasks is not explained only by the difference in task structure. 
Size discrimination thresholds increase when both size and colour contribute to 
object similarity judgments. 
To summarise, larger size and colour differences are accepted as the same in the 
object similarity task than in either unimodal discrimination task. In other words, 
object size and colour appear to be represented on coarser scales when they are being 
considered together than when they are independently scrutinised. 
There are at least three possible explanations for this effect, all of which involve an 
interaction between size and colour on some level. To consider these explanations, 
let us model the object similarity task as one in which each test object receives a 
similarity score relative to the reference object (size 8, color YG8), and the test 
object with the highest similarity score is selected. The similarity score of each test 
object, Y'bimodal Js a function of the two distinct similarity scores, 9wi and 9size, which 
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in turn are functions of the unimodal discrimination thresholds, om and cv, i., i. e., S'Coi 
z g(A'. oi, om) and YsizeZ g(Atsize, Mize), where A', ý. i represents the difference between the 
reference and test colours, and Atsize represents the difference between the reference 
and test sizes. Note that we do not need to specify g for the arguments here, but for 
the purposes of this task, we may define maximal similarity as minimal difference, 
and there-fore model g as I- P("different"), where 1"("different") is the probability 
that the test attribute is judged different. The similarity score here therefore varies 
from 0 for no similarity to I for maximum similarity. P'is in turn related to the 
proportion judged different f on the unimodal discrimination task, according to the 
relationship P= 2f- 1. Under these assumptions, our results exclude a multiplicative 
model in which Ybimo&i is the product of the two unimodal similarity scores; in that 
case, the apparent thresholds for colour and size discrimination would be reduced 
relative to their ununimodal values. Therefore, I model the total similarity as: 
tII S 
bimodal = Wcol 
S 
col 
+W 
size 
S 
size 
(1 
whereWcol (Wsize) is the weight given to the unimodal colour (size) similarity score. 
This equation assumes that similarity is determined solely on the basis of the two 
independent attributes, regardless of their combination into a single, coherent ob ect. 
In general, object similarity may also depend on meta-attributes of the object, and, in 
this particular case, on an interaction between size and colour in the formation of 
object representations. The combination of size and colour may create a set of new 
descriptors in which the two attributes are inextricably linked, so that-for 
example-"large-light green" becomes an object quality that confers a distinct 
identity (say, "apple") that differs from "small-light green" (say, "grape") in an 
object metric that is not simply the conjunction of the colour and size scales. While 
we are not specifically investigating the existence or representation of such meta- 
attributes, we may formalize the possibility that size and colour interact in our object 
similarity task by postulating the addition of third term in the above equation: W. bi 
ttt S 
(col x size) 
__`ý W 
obj 
S 
obj I in which S obj represents an "object"') similarity score computed on 
the hypothetical level of object representation. 
Now consider the trials on which colour only should determine the similarity. 
Because the two test ob ects are always the same size, their size similarity with j 
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t 
respect to the reference object, S, iýe' should be the same. Therefore, if there is no 
t 
contribution from the higher level Sobj term, the sole determining factor in the 
tt 
similarity score, S bimodaP should be wcol S co, ý which 
in turn is determined by ocol * The 
difference between the psychometric functions in Figure 5.12 demonstrates that the 
unimodal aco, cannot be the sole determinant of performance on the bimodal task. 
Thus, it may be that in the bimodal task, (Tcol is altered, or that there is a non-zero 
tt 
contribution from eitherSsize or S obj ý or both. 
The first explanation, that aco, alone is altered, is plausible due to the increased 
attentional demands of the bimodal task. It could be that attention to size in the 
bimodal task interferes with attention to colour, and decreased attention to colour 
increases the colour discrimination threshold, acol* But this explanation implies an 
interaction between the two attributes in the overlapping of attentional mechanisms. 
(Note that this implication is not supported by recent evidence for non-interacting 
attentional streams for distinct attributes within the visual modality (Morrone et al 
t 
2002)). The second explanation, that there is non-zero contribution from S sizeq 
is also 
plausible due to inherent noise in the judgment of the attribute values and hence their 
t 
similarity. For example, if there is noise in the estimate of S size 
it will not necessarily 
be the same for both test objects, and the similarity score for a dissimilar colour may 
be inappropriately elevated relative to the alternative. In general, inherent noise in 
the estimate of size similarity will increase the probability that dissimilar colours will 
be accepted as similar, leading to an apparent increase in colour discrimination 
threshold. But inspection of the difference between the curves in Figure 5.12 
suggests that if noise in size similarity estimation is the main determinant, its effects 
are not independent of the colour difference between the test objects. On every trial 
under these conditions, the reference and test objects are all of the same size, but for 
the bimodal task, objects at almost every colour difference nonetheless have a higher 
probability of being judged similar to the reference colour than in the unimodal task. 
This higher probability may result from an increased probability that a test object at 
that colour difference is judged more similar in size to the reference object. If this 
increase in probability were due to noise in the estimate of size, we would expect it 
to affect each test object equally, because all are of the same size. But the probability 
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that size similarity is misjudged appears to decrease as the colour difference 
increases (i. e., the difference between the two curves narrows as colour difference 
increases, which is in-consistent with the hypothesis that object similarity is 
influenced by a constant additive term due to noise in size estimation). This 
dependence itself suggests an interaction between size and colour at some level-the 
effects of noise in size similarity estimates are moderated by colour difference 
estimates. 
Both of these explanations may be augmented by a possible role that the trial history 
plays within an experimental session. Although on any one trial, size might not need 
to be considered to make the discrimination, the observer is forced by the demands of 
the similarity task to consider both it and colour on every trial. Thus, size similarity 
may force acceptance on a colour difference that would have been above threshold in 
the unimodal task; likewise, colour similarity may force acceptance on a size 
difference that would have been unacceptable in the unimodal task. These broadened 
acceptance thresholds then persist throughout the task, even for trials where sharper 
differences occur in the other attribute. 
I 
Third and last, it may be that there is a significant contribution from the term Wobj Sobj* 
It may be that at the level of ob ect representation, where attributes are combined, j 
colour representation is coarser than at lower levels. For example, objects of similar 
size and colour may be grouped into categories within which finer differences in 
t 
either attribute are lost, and the term Wobj Sobj becomes critical. From the set of 
experiments we describe here, we cannot make quantitative distinctions between 
these explanations. But all of these explanations imply, first, that neither attribute 
dominates the similarity judgment, and, second, that the two attributes cannot be 
considered independently in object similarity judgments. 
5.4 Discussion 
The finding that colour differences affect the perception of size is perhaps not 
surprising. The notion that dark colours make one look thinner has long been a tenet 
of the fashion industry. But the scientific literature itself is thin - and conflicting -- 
on the topic of colour-size interactions. There are reports that perceived saturation 
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increases as the visual angle increases up to 20 degrees (Davidoff 1991), and that 
larger stimuli (e. g. 30 degrees) appear brighter, as well as more saturated in colour. 
than smaller stimuli (e. g. 2 degrees) (Jin-Sook et al 2000), while more recent results 
suggest that perceived hue and saturation shift non-systematically when stimulus size 
changes from 10 to 120 degree (Kutas et al 2002). Thus while size evidently affects 
perceived colour, the effects are not necessarily predictable. There are also reports of 
the converse, that colour affects perceived size, but only via its dimensions of hue 
and brightness (Claessen et al 1995, Over 1962). 1 have shown - possibly for the first 
time -- that perceived saturation affects perceived size. The effect is small but 
significant, and robust across observers: a saturation difference of approximately 4 
times threshold induces an apparent size difference of approximately 1.5 times 
threshold, relative to the control. 
The saturation-size effect we observe is most likely not predominantly a 3D size 
effect. In a separate experiment, two observers (SH and YL) performed the unimodal 
colour and size discrimination tasks for 2D disks, with the setup identical to the 3D 
task in every way except that the 3D solid objects were absent, allowing the 
projected disks to lie flat on the background. The saturation-size effect again 
occurred, although not for all colour conditions. (Of the 16 different-colour 
conditions tested in total -4 each for each of the four object sizes -- only 12 yielded 
significant threshold differences with respect to the control same-colour condition for 
the 2D experiment, whereas 15 gave significant differences for the 3D experiment. 
The mean threshold difference (as a proportion of the control threshold) in the 2D 
case was 0.646 (range 0.4 - 2), compared with 0.544 (range 0.3 - 1.2) for the 3D 
case. ) Thus, the influence of colour differences on unimodal 3D size discrimination 
may be at least partly explained by the 2D saturation-size effect. 
On the other hand, it remains an open question whether the influence of 3D size on 
unimodal colour discrimination may be explained by 2D factors alone. In the control 
experiment, 2D colour discrimination thresholds were overall smaller than for the 3D 
task, and not significantly different between the same-size and different-size 
conditions. It is not surprising that the 2D size difference alone cannot account for 
the increase in colour discrimination thresholds we observe here - for the two most 
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dissimilar objects, Objects I and 8, at the viewing distances used here, the 2D size 
difference is only 0.1 degree. 
What are the key 3D cues involved? Luminance gradients and binocular disparity are 
probably the only significant 3D cues for these discrete, solid matt objects viewed 
from a largely fixed position. Thus, one question to address in future experiments is 
whether these cues specifically contribute to the colour-size and size-colour 
interactions we observe here. 
On a deeper level, my results suggest that colour and shape - or at least, size - 
interact in determining object similarity. Observers performed better in the unimodal 
attribute discrimination tasks than the object similarity tasks because, I argue, each 
attribute interferes with the discriminability of the other. If colour and shape 
information were processed completely independently in the object similarity task, 
the observer should be able to ignore the irrelevant attribute on any one trial and base 
similarity judgments solely on the relevant attribute. Instead, observers appear to 
judge similarity on a coarser scale for both attributes. From the results, I am unable 
to conclude whether the coarsening is due to noise in the similarity estimates of the 
individual attributes, inter-attribute attentional interactions, or coarser coding of 
attributes at a 'higher' level of object representation. Neurophysiological evidence 
also suggests significant interactions between colour and form analysis at several 
levels in the visual system (Deyoe & Vanessen 1985, Kiper et al 1997). 
Despite their real solidity, these 3D objects are nonetheless simple neutral shapes not 
otherwise familiar or recognisable. Thus, I suggest that the interaction effects we 
observe here do not arise from top-down interactions, but rather via fundamental 
bottom-up mechanisms that integrate colour and form information in the early stages 
of object representation. 
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Chapter 6 Colour memory and 
colour constancy for 3D real 
objects - The effect of familiar 
objects. 
6.1 Introduction 
Colour constancy is a robust phenomenon most likely mediated by multiple 
mechanisms, operating at different levels in the visual system. Dating back to the 
I 9th century, Hering proposed the concept of "memory colour" as the most typical 
colour of a familiar object, which is remembered and attached to that object group 
and therefore may influence our immediate colour perception (Hering 1964). 
Hering's idea has two distinct implications, which have not been clearly 
distinguished in past citations. Firstly, memory colour may affect the immediate 
colour appearance of a familiar object - i. e. because bananas are remembered as 
yellow, the perceptual colour of a banana-shaped object will thus shift toward the 
"memorised" yellow. Secondly, memory colour may be used as an additional 
perceptual cue for interpreting the overall visual information. For example, because 
we know a banana is supposed to be yellow, seeing a banana would thus help us to 
estimate the illumination in the scene, and consequently affect the colour appearance 
of all the objects we see. In other words, the first implication suggests that the shape 
of a familiar object will influence the colour perception of the particular object alone; 
while the latter suggests a higher-level effect that affects colour constancy and 
therefore alters the colour perception of the whole visual field. 
Most research into the effects of memory colour has concentrated only on the first 
implication of Hering's theory. Most experiments have employed colour-matching 
techniques and compared colour-matching results for familiar objects and neutral- 
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shaped objects, and indeed many of them have found a difference between the two 
matching results (Bruner et al 1951, Delk & Fillenbaum 1965, Duncker & College 
1939), as described in Chapter 2. Although some have claimed that their results 
support the idea that memory colour aids colour constancy (Duncker & College 
1939), we cannot be certain whether memory colour in their experiments has affected 
the appearance of one object only or assisted colour constancy in general, without a 
clear distinction between the first and the second implication. 
In this chapter I will describe experiments that test both implications of Hering's 
theory, taking into account the difference between the single object appearance effect 
and the general colour constancy effect. Here again, the effect of colour memory on 
colour constancy is considered. Colour constancy is therefore defined as the memory 
shift difference between constant and changing illumination conditions. 
The experiments employed the main experimental box. Compared with the previous 
experiments using 2D colour patches and 3D simple domes, described in Chapter 4 
and 5, here I extend the application of the box to a higher level of complexity. By 
bringing 3D familiar objects such as bananas into the investigation successfully, I 
have more fully tested the design of the experimental box and proven it to be 
effective. 
6.2 Method 
6.2.1 General paradigm 
Figure 6.1 illustrates a typical experimental trial. Observers pre-adapt to the 
reference display under the reference illuminant for 50 seconds (Figure 6.1-a). The 
reference display usually contains a white central object and a background object. (In 
Figure 6.1, although the central object is shown as a 3D white banana, and the 
background object is shown as a 2D yellow patch, these may vary depending on the 
experimental conditions). After the adaptation period, a surface colour appears on the 
central object and remains for 5 seconds, during this time, the observer's task is to 
memorise this colour (Figure 6.1 -b). The illumination is then changed to the test 
illuminant and the surface colour is removed from the central object so that it appears 
neutral again for 10 seconds (Figure 6.1-c). Note that its neutral chromaticity will of 
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course be different under the test illuminant as compared with the reference 
illumination condition. After a 10 second delay, the test disPlay is shown, with 5 
alternative colour patches presented next to the central object, under the test 
illuminant (Figure 6.1 -d). The observer must then select which of the alternatives 
matches the remembered colour of the central object. 
6.2.211lumination 
The experiment employed three standard daylight illuminants, at 4000-, 6500-, and 
14500-K correlated colour temperature, all generated by the data projector through 
the main experimental box. In this chapter, I will use D40, D65 and D145 as labels 
for the illuminants at 4000K, 6500K and 14500K respectively. Their chromaticity 
values (as projected onto a reference diffuse white) are presented in Table 6.1, as 
measured by a Minolta CSIOO chromameter. All experiments use D65 as the 
reference illuminant; all three alternatives serve as test illuminants. Therefore, under 
the D65 test illuminant, we are investigating the pure memory shift, and under the 
D40 or D145 test illuminant, we are investigating the combined memory shift (see 
Chapter 3 for definitions of pure memory shift and combined memory shift). In ten-ns 
of colour appearance, if we define D65 as neutral, then D40 is yellowish, and D145 
is bluish. 
Y(cd/M2) x Y 
D65 (neutral 8.06 0.3124 0.3283 
D40 (yellowish) 8.01 0.3821 0.3827 
D145 (bluish) 8.01 0.2519 0.2562 
Table 61 CIE Yxy chromaticity valuesfor the three illuminants. 
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a. Adapt to reference 
illuminant (50sec) 
c. Adapt to test illuminant d. View 5 alternatives 
(1 Osec) 
Figure 61 The basic experimental paradigm. The reference display consists of a 
central object and a background object, shown here as a 3D banana and a 2D 
yellow patch. The observer pre-adapts to the reference display under the reference 
illuminant for 50 sec, in which the central object appears neutral (a). After the 
adaptation period, the central object's surface colour appears for 5 seconds (b), 
during which time the observer has to memorise the colour. The illumination then 
changes to the test illuminant and the central object appears white again for 10 
seconds (c). After the 10 second delay, still under the test illuminant, 5 alternative 
circular colour patches appear next to the central object, and the observer must 
select which alternative best matches the remembered colour. 
1 ()() 
b. View reference colour (5sec) 
6.2.3 Colour stimuli 
The experimental colours include the reference colours for the central object, the 5 
alternative test colours and the background objects' colours, all of them under 
experimental control. Their chromaticity coordinates were measured with a Minolta 
CS 100 chromarneter under actual experimental conditions. 
For the central object, I selected three Munsell colours (2.5Y 8/4,7.5P 3/6 and 10PB 
2.5/4) as reference colours. Their CIE Yxy chromaticities under each illuminant were 
predicted from their surface reflectance functions and measured illuminant SPI)s and 
then rendered by the data projector. In the following sections, I will use label Y for 
2.5Y 8/4, label P for 7.5 P 3/6, and label PB for 10PB 2.5/4. Figure 6.2 illustrates the 
positions of the reference colours Y, PB and P under all three illuminants in a CIE x, 
y chromaticity diagram. 
After remembering each central object's colour, the observer is required to pick a 
matching colour from the 5 test alternatives at the end of each experimental trial. One 
of the alternatives matches the original reference colour as it would appear under the 
test illuminant, while the other four vary along the blue-yellow axis - more precisely 
along the line between the reference colour under D145 and the reference colour 
under D40 in the CIE x, y chromaticity diagram. Two of the alternatives are located 
towards the bluish end of the line, the other two at the yellowish end. The distances 
between two pairs of adjacent colours are approximately equal. For each colour 
under a certain illuminant, the alternatives are labelled as 1-2, -1,0,1,21, from the 
most bluish alternative to the most yellowish one. Figure 6.3 illustrates the 
alternatives for colour P in a CIE x, y chromaticity diagram, under all 3 illuminants. 
The CIE Y, x, y coordinates for all alternatives under all illuminants are given in 
Table 6.2. 
The background object has two possible colours: yellow and green. Table 6.3 shows 
the CIE Y. x, y coordinates for the two possible colours of the background object, as 
measured under the actual experimental conditions. 
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Figure 62 CIE x, y coordinates of the three illuminants (black symbols on the graph) 
and the CIE x, y coordinates for the three reference colours, shown as yellow, blue 
and pink symbols respectively. Circles represent the corresponding CIE x, y 
coordinates under D65, diamonds the corresponding CIE x, y coordinates under 
D. 145, and triangles the corresponding CIE x, y coordinates under D40. 
Colour Y Colour P Colour PB 
label D40 D65 D145 D40 D65 D145 D40 D65 D145 
y 2.880 3.160 3.180 2.960 3.030 2.790 2.830 2.850 2.820 
0 x 0.430 0.367 0.317 0.412 0.320 0.258 0.345 0.275 0.227 
y 0.421 0.386 0.341 0.308 0.245 0.189 0.318 0.251 0.196 
y 3.330 3.340 3.340 2.890 2.750 3.690 3.450 3.380 3.270 
-2 x 0.385 0.331 0.292 0.383 0.298 0.235 0.309 0.255 0.209 
y 0.401 0.359 0.307 0.282 0.223 0.170 0.288 0.223 0.179 
y 3.680 3.280 3.330 2.750 2.850 3.760 3.410 3.350 3.270 
-1 x 0.404 0.350 0.304 0.395 0.305 0.245 0.324 0.264 0.219 
y 0.406 0.374 0.314 0.288 0.235 0.178 0.300 0.231 0.187 
y 3.380 3.330 3.340 2.790 2.810 3.790 3.380 3.400 3.330 
1 x 0.439 0.385 0.331 0.426 0.337 0.273 0.356 0.283 0.238 
y 0.435 0.401 0.359 0.312 0.259 0.202 0.331 0.261 0.209 
y 3.580 3.680 3.280 3.110 3.620 3.830 3.380 3.400 3.380 
2 x 0.453 0.404 0.350 0.446 0.348 0.284 0.376 0.300 0.255 
y 0.447 0.406 0.374 0.312 0.267 0.212 0.351 0.274 0.223 
Table 62 CIE Y, x, y coordinates of alternative colours for reference colours Y, P 
and PB, under each illuminant. Label 0 matches the reference colours Y, P and PB 
themselves; negative labels indicate more bluish alternatives than reference colours; 
positive labels indicate more yellowish alternatives than reference colours. 
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Figure 6.3 CIE x, y coordinates of the experimental colours and the available 
alternativesfor colour P, under 3 illuminants. Pink symbols represent colour Ps x, y 
coordinates under 3 illuminants (diamond: D-145, circle. - D65, triangle: D40). The 
black asterisks represent the alternatives' CIE x, y coordinates for colour P, - their 
labels are given next to the symbols. The black diamond, circle and triangle 
represent the CIE x, y coordinates of DI 45, D65 and D40 respectively. 
Yellow Green 
y x y yx y 
D40 3.080 0.471 0.443 3.040 0.301 0.332 
D65 3.240 0.418 0.432 3.020 0.241 0.265 
D145 3.120 0.372 0.403 3.230 0.205 0.212 
Table 63 CIE Y, x, y coordinates for two background object colours, under D40, 
D65 and DI 45 respectively. 
6.3 Experiment 1. The effect of contextual cue 
With the framework outlined above, I conducted two main experiments investigating 
the two implications derived from Hering's theory. Experiment I tests the hypothesis 
that ((memory colour" may be used as an additional perceptual cue for interpreting 
the overall visual scene, and thus influence colour perception of other objects in the 
scene. In this experiment, the central object is always a 3D banana painted with matt 
white paint, whose surface colour is controlled by the data projector. The background 
object may vary: no background object, 3D banana, or 2D colour patch (as shown in 
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Figure 6.4). The surface area of the background banana is identical to that of the 2D 
colour patch. The surface colour for both background objects may vary from yellow 
to green (see Table 6.3). In the followings sections, I will label these contextual cue 
conditions as NC (no background object), YB (31) yellow banana), YP (21) yellow 
patch), GB (31) green banana) and GP (21) green patch) respectively (as shown 
Figure 6.4). As the surface colours for the background objects are identical, the main 
difference between conditions YB and YP is the shape of the contextual cue, and 
likewise for conditions GB and GP. Therefore, comparing the results between YB 
and YP, or GB and GP may enable us to establish the effect of a familiar object (a 
banana) on the perception of another familiar object (a banana) in the scene. 
Both the yellow and green background 2D colour patches are projected directly by 
the data projector. Under the YB condition, the background 3D banana's surface 
colour is yellow, as it is illuminated by the global illumination alone. Under the GB 
condition, an additional banana-shaped blue patch is projected on top of the 
background banana's surface, making it appear green. The projected blue colour is 
controlled so that there is no apparent surface reflectance change when the 
illumination is changed. The same is true for the green patch in the GP condition, as 
the two background greens are identical. 
6.3.1 Procedure 
Experiment I consists of five sessions, each of them corresponding to one contextual 
condition. A session contains 9 trials with all three reference colours: (Y, P and PB) 
tested once under each of the three test illuminant. The trials for each test illuminants 
are presented consecutively in a single block. The sequence of test illuminant blocks 
is chosen by randomisation at the start of each session. The sequence of reference 
colour is the same within each block in any one session, but is chosen by 
randomisation at the start of each session. Each session takes about 10- 15 minutes to 
complete. The experimenter varies the order in which the five sessions are presented 
among the observers. The experimenter pre-arranges the experimental objects in the 
box before a session starts. 
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6.3.2 Observers 
40 observers took part in Experiment 1, all of them students in the University of 
Newcastle upon Tyne. All have non-nal colour vision as verified by Farnsworth- 
Munsell 100 hue test, and all are nalve as to the purpose of the experiment. 
a 
Ib- 
e 
Figure 64 The five contextual cue conditionsfor Experiment I under D65 illuminant. 
a. no contextual cue (NC); b. yellow banana (YB), - c. yellow patch (YP), - d green 
banana (GB), - e. green patch (GP). 
6.4 Experiment 1 results 
6.4.1 Memory shift: Mean AEuv differences 
In this experiment, observers select an alternative that matches their memory of the 
reference colour. The CIELUV colour difference between the selected alternative 
and the actual reference colour under the test illuminant is calculated as a measure of 
the memory shift. Table 6.4 illustrates the mean memory shift across observers, for 
each reference colour under each test illuminant, under all experimental conditions. 
As all test alternatives vary along the blue-yellow direction, the direction of the 
memory shift can also be demonstrated easily. Here I define a positive memory shift 
1 () AZ 
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as the CIELUV colour difference when the remembered colour is more yellowish 
than the reference colour, and likewise, a negative memory shift when the 
remembered colour is more bluish than the reference colour. 
Table 6.4 shows that, under constant illumination, a colour is always remembered as 
more saturated. For all experimental conditions, colour Y's memory colour under 
D65 always shifts in a more yellowish direction (positive AE values); the memory 
colour of PB (a colour containing mostly a blue component), always shifts in a more 
bluish direction (negative AE values); and for colour P, which contains less blue than 
colour PB, the shift is also in the bluish direction but smaller than for PB. 
Table 6.4 also shows that, unlike the experiment in Chapter 3, colour constancy in 
this experiment is far from perfect. Under changing illumination, the memory shift 
combines the effect of two elements: one that transforms the remembered colour into 
a more saturated colour (memory shift), and another inadequate colour constancy 
element that moves the chromaticities of the matched colour towards the 
chromaticities of the reference colour under the reference illuminant (constancy 
shift). Therefore, if the increase in saturation is in the same direction as the shift 
towards the reference colour, or, in other words, the memory shift is in the same 
direction as the constancy shift, the overall size of the memory shift would be larger 
under changing illumination than constant illumination. In this experiment, this may 
happen for bluish colours under a yellowish change in illumination, i. e. for colours 
PB and P as the illumination changes from D65 to D40; or for yellowish colours 
under a bluish change in illumination, i. e. for colour Y as the illumination changes 
from D65 to D 145. On the other hand, if the memory shift is in the opposite direction 
to the constancy shift, they will counteract each other, producing a smaller memory 
shift under changing illumination. In this experiment, this may happen for colour PB 
and P under bluish shift in illumination (D65 to D145) and for colour Y under 
yellowish shift in illumination (D65 to D40). 
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Figure 65A diagram to show how increased saturation (memory shift) and shift to 
reference colour (constancy shift) are combinedfor colour Y under D145 in a CIE x, 
y chromaticity plane. 
Figure 6.5 illustrates an example of how the two elements - the memory shift and 
constancy shift - are combined for colour Y as the illumination changes from D65 
(neutral) to D145 (bluish). For colour Y under D145, both elements shift the 
remembered colour in a more yellowish direction (Figure 6.5 - dashed yellow 
arrows); as a result, the combined memory shift under D145 (Figure 6.5 - yellow 
arrow from Y-D145) is larger than the pure memory shift under D65 (Figure 6.5 - 
yellow arrow from Y-D65). When the illumination changes from D65 (neutral) to 
D40 (yellowish), however, colour Y's memory shift moves to the yellowish direction 
(Figure 6.6 - dashed yellow arrow), whereas its constancy shift (Figure 6.6 - dashed 
yellow arrow) moves to the bluish direction. Consequently, the combined memory 
shift for colour Y under D40 (Figure 6.6 - yellow arrow from Y1340) is smaller 
than the memory shift under D65 (Figure 6.6 - yellow arrow from Y-D65), although 
it does not imply that the observer is better at remembering colour Y under D40 than 
under D65. It only shows that observers' colour constancy is inadequate, and as I 
have stressed repeatedly, depends largely on colour memory. 
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Figure 6.6 A diagram to show how the increased saturation (memory shift) and shift 
to reference colour (constancy shift) are combinedfor colour Y under D40 in a CIE X, 
y chromaticity plane 
Colour Y 
NC YB yp BB BP 
D40 3.40 -0.88 1.05 -2.04 0.93 
D65 9.20 6.39 11.39 8.81 7.65 
D145 15.25 13.75 14.93 12.57 16.42 
Colour P 
NC YB yp BB BP 
D40 -14.87 -16.23 -14.63 -12.74 -13.76 
D65 -3.07 -2.99 -2.20 -0.75 -5.09 
D145 4.29 2.09 2.74 -0.42 1.89 
Colour PB 
NC YB yp BB BP 
D40 -22.18 -22.37 -22.27 -23.70 -22.14 
D65 -15.95 -13.9 -10.31 -15.53 -16.70 
D145 2.26 2.28 2.31 8.16 5.05 
Table 64 AE, colour differences between the reference colour and remembered 
colour under all experimental conditions, for all reference colours under all test 
illuminants, averaged across 40 observers. Positive values indicate that the 
remembered colour is more yellowish than the reference colour; negative values 
indicate that the remembered colour is more bluish than the reference colour. 
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A closer examination of Table 6.4 also reveals a moderate effect of contextual cues. 
The remembered colour under YB condition (when background object is yellow 
banana) is always more bluish than the remembered colour under YP (when 
background object is yellow patch) condition, with only one exception: Colour PB 
under D40, where almost no difference is present. Although statistically only the 
difference for colour Y under D65 is significant (p<0.03), the consistency of the 
difference is very suggestive. The only difference between the YB and YP conditions 
is the shape of the background object. There are three possible explanations for this 
difference: 1). The yellow banana, because of its shape, may appear more yellow 
than the yellow patch due to a high-level effect, and thus induce more 'blue' in the 
reference object by simultaneous contrast. 2). Under the YB condition, because of 
our innate knowledge for the colour of bananas, viewing a yellow banana may 
diminish the observer's estimation of the illuminant yellowness compared to the 
situation where a yellow patch is observed. Thus observers may estimate the 
illuminant in the YB condition as being bluer than in the YP condition. As colour 
constancy is not complete, the colour of the reference object is remembered with a 
tinge of the estimated illumination. Therefore the observer would judge the 
appearance of the central banana as bluer in the YB condition than in the YP 
condition. 3). Because the yellow banana appears more yellowish than the yellow 
patch, the illumination in the YB condition is interpreted as being more yellow than 
in the YP condition, and the reference patch, under the more yellowish illumination 
in the YB condition, would appear bluer than in the YP condition. 
6.4.2 Memory shift: Fitted normal distributions 
Using the mean colour differences between the remembered colour and the reference 
colour under a particular test illuminant as a measure of memory shift has one main 
drawback: because only a small number of alternatives are available on each trial, 
observers' performance depends largely on the distribution of these alternatives in 
the blue-yellow direction. Although every effort has been made to ensure these 
alternatives are evenly distributed, the gaps between some alternative colours are 
larger than others because of the data projector's limitations. For example, for 
reference Colour P under test illuminant D145, the AE,,, colour difference between 
alternative colour I and the reference colour is 14.58, while the AEu, difference 
between alternative colour I and colour 2 is only 9.61. The mean colour differences 
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between selected alternatives and the reference colour do not take into account the 
irregular distribution of the alternatives. Therefore, we must also consider the results 
as a function of the distribution of alternative colours. We do that in the following 
analysis. 
In each contextual condition, for a given reference colour under a test illuminant, we 
simply add the number of trials on which observers selected each alternative as the 
remembered colour, and plotted these frequencies as a function of the alternatives' 
AE,, v colour distance from the reference colour. We then fit the choice frequency 
distribution with a normal function (as shown in Figure 6.7). For some data sets, a 
normal distribution fits the data with only a small error (Figure 6.7 - a); thus, these 
data sets may be represented by the fitted normal distribution's mean and standard 
deviation values. But for other data sets, even the best-fitting normal distribution 
curve generates large errors between the fitted curve and the raw distribution (Figure 
6.7 - b). These data cannot be explained simply by a normal distribution. Note that 
the error between the fitted curve and the choice frequency distribution is computed 
as: 
err = V(f, - Nl)' + (f2 - 
N2 )2 + (f3 - 
N3 )2 + (f4 - 
N4 )2 + (f5 - N5 
)2 (1) 
where f indicates the choice frequency at each alternative, and Ni indicates the 
corresponding frequency value computed from the best-fitting non-nal curve. Here 
we define err--O. I as the limit for a reasonable fit, based on visual inspection, and do 
not consider curves with errors greater than 0.1. 
For the choice frequency results that can be fitted with a normal distribution, we may 
use the mean value of the fitted curve as a measure of the memory shift. These 
results are shown in Table 6.5. By fitting a normal distribution curve as a function of 
the colour difference between the remembered colour and reference colour, the 
drawback of the lack of uniformity of the alternative colours in Table 6.4 is 
overcome. 
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Figure 67 Fitted normal distribution curves for observers' choice ftequencies. 
Horizontal axis. - the AEuv colour differences between each alternative and reference 
colour under test illuminant. Positive direction indicates a more yellowish 
alternative than reference colour; negative direction indicates a more bluish 
alternative than reference colour. Coloured bars: observers choice ftequency 
(computed over all 40 observers) for each alternative. Solid lines: fitted normal 
distributions. Dotted vertical lines: fitted normal distribution's mean position. a). An 
example of good fit (Colour Y under D40, condition NC, err=O. 0324). b). An 
example of badfit (Colo ur PB under DI 45, condition NC, err = 0.1863). 
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Colour Y 
NC YB yp BB BP 
D40 1.63 -3.15 -1.32 -4.08 0.78 
D65 11.43 5.83 15.09 9.67 9.10 
D145 25.70 14.64 20.77 22.06 18.20 
Colour P 
NC YB yp BB BP 
D40 -23.47 -25.23 -26.04 -16.87 -25.57 
D65 -3.68 -- -- -3.18 -21.37 
D145 24.10 22.63 30.27 -- 27.28 
Colour PB 
NC YB yp BB BP 
D40 -32.71 -- -32.77 -- 
D65 -16.04 -12.32 -- -- -21.53 
D145 -- -- 4.03 
Table 65 Mean memory shifts, computed as the mean of the best-fitting normal 
-7. - distribution to the raw choiceftequency data. Values are given in units ofAE, along 
the illuminant shift axis. Positive values indicate that the remembered colour is more 
yellowish than the reference colour; negative values indicate that the remembered 
colour is more bluish than the reference colour. Results are presented onlyforfitted 
curves with err< 0.1. 
Table 6.5 illustrates the same contextual effects as seen in Table 6.4. Here again, the 
remembered colour under condition YB is consistently bluer than under condition 
YP, except for colour P under D40, where almost no difference is present. And this 
time not only the difference is significant for Colour Y under D65 and D145, but it is 
also significant for Colour P under D145 (p<0.05). No other consistent contextual 
cue effect is observed. This result further confirms the findings from Table 6.4. 
6.4.3 Colour constancy index 
In this experiment, colour constancy is again measured as the effect of changing 
illumination on the memory shift. The effect of the memory shift under constant 
illumination, again, is considered in computing the colour constancy index. But it is 
important to note some key differences between these experiments and those in 
Chapter 4. First, in these experiments, both the illuminants and the test alternatives 
vary only along the blue-yellow axis. Therefore, the direction of the colour shift may 
be directly encapsulated with AE,,, differences. Second, the number of alternatives in 
these experiments is much smaller than in the 2D memory experiment. The range of 
available alternatives may play a much larger role, and accordingly, must be 
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considered when computing the colour constancy index. We therefore introduce a 
new colour constancy index (CCI-3D), although based on the same principle as that 
in Chapter 4, specifically designed to measure the degree of colour constancy in 
these experiments. The CCl-3D is calculated as: 
CCI- 3D =I- ab _4VAEp 
. a,, 
(2) 
Here AE(. represents the combined memory shift (memory shift under changing 
illumination); AEp represents the pure memory shift (memory shift under constant 
illumination). Note that unlike Chapter 4, both values here include the direction of 
the memory shift -a positive AE value indicates memory colour shifts in the 
yellowish direction, and vice versa. AE.. represents the range of available 
alternatives - the colour difference between the most yellowish alternative and the 
most bluish alternative. If AEc = A. Ep . then M- 3D =I and colour constancy 
is as 
perfect as it can be. If AE(, = -Y2 A. Emax and A. Ep = 
Y2 A. E.. , then 
M- 3D =0 
and colour constancy is very poor. This situation may arise when the memory colour 
under the new illumination is the most bluish of the alternatives, and whereas under 
constant illumination, it is the most yellowish. The same conclusion can be drawn in 
the converse situation when A. Ec = 
Y2 A. Emax and AEp =- 
Y2 AEm. , where 
CCI- 3D =0 and colour constancy is also very poor. 
In this experiment, we may calculate two CCI-313s, one for each test illuminant (D40 
and D145). By averaging across the two, the overall CCI-3D for each reference 
colour under a contextual condition is obtained. Table 6.6 indicates the mean overall 
CCI-3D results across all observers, for each reference colour under all contextual 
conditions. The table reveals that contextual cues have no significant effect on the 
degrees of colour constancy (p>O. 1). More importantly, under all contextual 
conditions, the degrees of colour constancy for colour Y- the appropriate colour for 
banana, are significantly higher than for colours P and PB (p<0.001). 
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NC YB yp BB BP 
Colour Y 0.78 0.75 0.77 0.72 0.74 
Colour P 0.66 0.68 0.67 0.67 0.67 
Colour PB 0.67 0.67 0.66 0.63 0.63 
Table 66 Mean overall CCI 3D results for each reference colour under all 
conditions, averaged across 40 observers. 
Two explanations may be given concerning the higher degree of colour constancy 
obtained for colour Y compared to colours P and PB. The first one, as mentioned 
1111, above, is that the colour constancy level is higher for diagnostic colours (Y) than for 
non-diagnostic colours (P and PB). However, it may also be because colour Y itself 
has a higher degree of colour constancy than colours P or PB. The latter hypothesis is 
tested in Experiment 2, described in the following sections. 
6.5 Experiment 2. The role of object familiarity 
and colour diagnosticity 
This experiment is a control experiment investigating the effect of object familiarity 
on colour memory and colour constancy. It is identical to condition NC in 
Experiment I except for one difference: instead of a 3D banana, the central object 
here is replaced by a 3D dome -a shape with no diagnostic colour (see Figure 6.8-a). 
Therefore, by comparing the results from this experiment and the results from 
condition NC in Experiment 1, we may test the following hypothesis: 
The "memory colour" for a familiar object will affect the colour memory for the 
object itself Therefore, when the object colour is appropriate, colour memory for 
objects with diagnostic colour will differ from the colour memory for objects with no 
diagnostic colour. 
Colour constancy levels will be higher for objects with diagnostic colours than 
objects with no diagnostic colour when the object colour is appropriate. 
The experiment investigates how the presence of a familiar object will influence the 
perception of the object itself, testing the first implication of Hering's theory. 
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7 observers with normal colour vision as verified by Farnsworth-Munsell 100 hue 
test participated in this experiment. 3 of these had not participated in Experiment 1, 
and therefore were first required to perform the NC condition of Experiment 1. 
a b 
Figure 68 Pictures of the reference display under D65. a. Experiment 2, - b. condition 
NC in Experiment 1. 
6.6 Experiment 2 results 
6.6.1 Colour constancy index 
The results of Experiment I has shown that for a 3D banana, the degree of colour 
constancy for colour Y is higher than for colour P and colour PB. The results of 
Experiment 2 confirm that this difference cannot be explained by an intrinsically 
higher degree of colour constancy of the colour Y itself. Figure 6.9 illustrates the 
mean overall CCI 
- 
3Ds for NC condition in Experimentl and Experiment 2, averaged 
across all 7 observers. For the 7 participants, when the central object is a banana 
(yellow bars), the overall CCI 
- 
3D for colour Y is significantly higher than colour P 
(p<0.01), although no significant difference is observed between colour Y and colour 
PB. This is probably due to the smaller number of observers in this experiment, as it 
is not the case for the 40 observers of Experiment 1. When the central object is a 
dome -a generic shape with no diagnostic colour - the overall CCI - 
3Ds show no 
significant differences between any of the reference colours (P>0.6). Moreover, the 
degree of colour constancy for colour Y on a banana is significantly higher than for a 
dome (p<0.09), whereas colour P and colour PB show no such difference (p>0.2), 
indicating that when the colour is appropriate, colour constancy for objects with 
diagnostic colours is higher than for objects with no diagnostic colour. 
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Figure 69 Mean overall CCI 3Ds for NC condition in Experiment I and Experiment 
2, averaged across all 7 observers participating in Experiment 2. Yellow bars: 
CCI 3Ds for NC condition in Experiment 1, with real 3D banana. Grey bars: 
CCI 3Ds for Experiment 2, with 3D generic domes. Error bars represent the 
standard error of the means. 
6.6.2 Memory shift: Mean AEuv differences 
Figure 6.10 shows the memory shift for Colour Y under all test illuminants, for the 
NC condition in both Experiments I and 2. From the figure we can see that under all 
test illuminants, the memory colour for the 3D banana is always more yellowish than 
the memory colour for 3D domes (larger AE,,, differences for yellow bars than for 
grey bars). A two-way ANOVA test shows this difference is statistically significant 
(p<0.005). Meanwhile, no such difference is observed either for colour P (p>0.6), or 
colour PB (p>0.2). The results suggest the effect of memory colour on the central 
object's colour memory. When the colour corresponds to expectation, colour 
memory for objects with diagnostic colour is more saturated than colour memory for 
objects with no diagnostic colour. Combined with the previous finding, the results of 
Experiment 2 have shown that the shape of a familiar object does influence both the 
colour memory and the colour constancy of the object itself. 
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Figure 6 10. Mean memory shiftfor NC condition in Experiment I and Experiment 2, 
averaged across all 7 observers participating in Experiment 2. Larger AE,, v 
difference indicates that memory colour shifts in a more yellowish direction. Yellow 
bars: AE,,, differences between the remembered colour and the reference colour, at 
condition NC in Experiment 1, with real 3D banana. Grey bars: AE, differences 
between the remembered colour and the reference colour, in Experiment 2 with 3D 
generic domes. Error bars are standard error of the means. 
6.7 Discussion 
6.7.1 Degree of colour constancy 
Although the CCI 
- 
3D index introduced in this chapter is different from the CCI in 
Chapter 4, both indices rely on the same principle - the degree of colour constancy is 
the difference between memory shift under changing illumination and memory shift 
under constant illumination. Therefore,, the two indices can be compared directly. 
Compared with the almost perfect colour constancy obtained in Chapter 4, the degree 
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of colour constancy in this chapter is much smaller. The effect of inadequate colour 
constancy is also obvious from examining the memory shift under changing 
illumination. 
To test whether the inadequate colour constancy is caused by the insufficient 
adaptation (10 seconds) in this experiment, we conducted a control experiment. Here 
all the experimental setup is identical to the NC condition in Experiment I except for 
one difference: instead of a 10 second delay between the reference display and test 
display, the control experiment employed a 60 second delay, the same as for the 
experiment in Chapter 4.7 observers with normal colour vision participated in the 
control experiment, of whom 4 had already taken part in Experiment 1. The 
remaining 3 observers completed not only the control experiment but also condition 
NC in Experiment 1. 
El 10 seconds Colour Constancy Indices No 60 seconds 
1.00 
0.80 
a 0.60 
0.40 
0.20 
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Figure 6 11. Mean overall CCI 3Ds for NC condition in Experiment I (10 seconds 
delay) and control experiment (60 seconds delay), averaged across all 7 observers. 
Yellow bars: CCI 3Ds for NC condition in Experiment 1. Grey bars: CCI 3Ds for 
the control experiment. Error bars represent the standard error of the means. 
The mean overall CCI_3Ds for NC condition in Experiment I and the control 
experiment are presented in Figure 6.11. The figure shows that there is no significant 
difference between the degree of colour constancy for a 10 second delay and the 
degree of colour constancy for a 60 second delay. For colours Y and P, the 
improvement in mean CCI-3D results is not significant (p>O. 15), whereas for Colour 
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PB, the CCl-3D for a 60 second delay is even smaller than for a 10 second delay. 
More importantly, even with sufficient adaptation, the degree of colour constancy is 
still far from perfect, which contradicts the findings in Chapter 4. 
The main difference between the experiments in Chapter 4 and this chapter is the 
type of colour stimuli employed. In Chapter 4, real 2D colour patches were presented, 
with predetermined surface reflectance and the experimenter changed only the 
illumination during the experiment. Therefore, while being asked to select the colour 
they remembered before, as they are looking at real colour surfaces, the observers 
would perform a surface match instead of appearance match. But in the experiments 
described in this chapter, although the observers are unaware of the box's design, it 
is of course obvious to them that the colour presented on the central object is not the 
object's original surface colour. Furthermore, while performing memory matches, 
the test alternatives are only colour patches projected on top of the white background. 
This design, although not ideal for fully 'natural' surface colour and object 
perception, does allow us to examine whether there are 'hard-wired' interaction 
effects between familiar 3D object shape and surface colour, which are robust even 
in the face of the higher-level awareness that the surface colour is under 
manipulation. However, with this design, as the observers were not instructed to 
make a surface match explicitly, they may perform an appearance match instead of 
surface match. 
Previous studies have shown, for computer simulated colour stimuli, that the degree 
of colour constancy is higher for surface matches than appearance matches (Arend & 
Reeves 1986, Troost & Deweert 1991). Nevertheless, using experimental setups with 
more realistic stimuli, Brainard et. al. (1997) found no difference between the two 
types of match. Note for both the computer simulated colour and the colour stimuli 
employed in this chapter, the experimenter controlled only their chromaticity values, 
not their surface reflectance. Unless deliberately stressed by the instruction, the 
absence of a real colour surface in a computer simulated display may drive observers 
to perform an appearance match rather than a surface match. It is then interesting to 
see, for a computer simulated display with sufficient adaptation, if the observer is 
given instructions to perform a surface match, whether they can still achieve near 
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perfect colour constancy. In other words, is colour constancy better for real surfaces 
than computer simulated colours? 
6.7.2 The effect of contextual ob ect familiarity on the Y 
perceived colour of other objects 
In the introduction, I stated two implications from Hering's "memory colour" theory, 
one of them being that "memory colour" may influence the colour perception of all 
the objects within the visual scene. The results in Experiment I support this 
implication, although the degree of the effect can by no means be quantified as large. 
The presence of a familiar object does have an effect on the memory colour of the 
other objects (the central object in the experiment), but the effect is moderate. 
Meanwhile, the degree of colour constancy for the central object (the overall 
CCI-3D results) is not affected. 
In Hering's original writing, he assigns a minor role for "memory colour" compared 
with that of sensory mechanisms such as peripheral adaptation (Hering 1964). 
Interestingly, Hering's original idea has often been misinterpreted. As a consequence, 
the effect of "memory colour" has often been exaggerated in later reports. For 
example, in a short review paper on memory colour experiments, Schirillo (1999) 
stated: "Duncker's claim that the expectancy that leaves are green and donkeys are 
gray supported Hering's claim that it is color memory that produces color 
constancy. " Note that Schirillo has mistakenly used the term "color memory" instead 
of "memory color". It is not surprising to read such statements in colour research. 
The problem that has baffled computational vision scientists for years is "how does 
visual system work out the illumination? " In theory this problem may be easily 
solved with the presence of "memory colour". As we know a banana should be 
yellow, the yellow banana can then be utilized as an "anchor" to determine the 
illuminant information. With this idea in mind, scientists may overestimate the effect 
of familiar objects on colour constancy. 
if 44 memory colour" is the main perceptual cue for colour constancy, then Experiment 
I should reveal a large difference between YB and YP conditions, for colour 
appearance, colour memory and colour constancy. However, it is not the case. Our 
experiments have shown that colour perception is a complex phenomenon involving 
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several mechanisms - both cognitive and sensory, yet it appears to be the sensory 
mechanisms that contribute the most to our colour perception. 
6.7.3 The effect of object familiarity on the object 
itself 
The familiarity of objects plays a more important role in the colour perception of 
these objects than that of the background objects. Previous studies have revealed 
differential colour matching results between objects with diagnostic colours and 
objects with non-diagnostic colours (Bruner et al 1951, Delk & Fillenbaum 1965, 
Duncker & College 1939). Our experiment further extended the differential effect on 
memory matching as well as degree of colour constancy. The "memory colour" of 
banana, in our experiments, influences both colour perception, colour memory and 
colour constancy. 
However, in these experiments, the "memory colour" of banana appears to play a 
secondary role. The degree of colour constancy for generic domes is still very high, 
even when almost no high level cues are presented. It is important to acknowledge 
the influence of cognitive factors in colour perception, but we must not overlook the 
importance of sensory mechanisms. 
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Chapter 7 Memory colours, of 
real, familiar objects under 
changing illumination 
7.1 Introduction 
Memory colour is the colour associated with a familiar object or object category in 
memory (see Chapter 2 for more details). Studies related to memory colour may be 
divided into two subcategories, the first attempting to examine whether the existence 
of memory colour affects human colour perception. The aim of the second category 
of study, is to determine the real memory colour for familiar objects (Bartleson 1960, 
Newhall et al 1957, Perez-Carpinell et al 1998, Siple & Springer 1983). These 
studies typically ask observers to match the memory colour of a familiar object, 
providing only the object name. The matching method may be either method of 
adjustment, or selecting the colour ftom a number of alternatives (Bartleson 1960, 
Newhall et al 1957, Perez-Carpinell et al 1998). One exception is the experiment 
conducted by Siple and Springer (1983), in which they asked the subjects to adjust 
the colour of a neutral disk, a familiar object contour with no texture information, or 
a familiar object contour with texture information, in order to match the memory 
colour for that particular object. In their experiments, changes in context produced no 
change in memory colour results, and they therefore conclude that object memory 
colour is independent of shape and texture information. 
All the experiments described above intended to discover the precise "memory 
colour" of an object for each individual subject, and all allowed their subjects to pick 
or adjust only one colour. The mean result across observers was taken as the memory 
colour. In Hering's (1964) original manuscript for memory colour, he acknowledged 
that "the memory colour of an object need not be rigorously fixed but can have a 
certain range of variation depending on its derivation". Although all the experiments 
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above examined the "certain range of variation" across subjects, the variation within 
individuals has been overlooked. 
This chapter intends to examine not only memory colours of familiar objects 
themselves but also the range of memory colour. Instead of asking the observer to 
select only one colour, I present a range of colours to the observer and ask him to 
indicate whether this colour is appropriate for the object. I then compare the memory 
colour results between different shape presentation - 2D neutral disk, 2D outline 
shape and congruent 3D shape - and discover considerable differences. 
7.2 Method 
7.2.1 General paradigm 
The experimental display consists of a central colour stimulus and 4 background real 
objects: a red strawberry, green grapes, purple grapes and green leaves. Before each 
experiment, the experimenter pre-arranges the background objects in the box. These 
objects are added to improve the complexity of the scene, and their locations are not 
strictly controlled. At the beginning of each trial, the observer views the 
experimental display under a test illuminant. His/her task is to press a joystick to 
judge as quickly as possible whether the central object's colour is appropriate for a 
given familiar object (Figure 7.1-a). Note that the central object shown in Figure 7.1 
is a 2D disk, but it may vary depending on the experimental condition. After a 
judgement is made, the central colour disappears; a mask composed of random 
isoluminant colours is then presented for 1.5 seconds (Figure 7.1-b). The mask is 
displayed to prohibit afterimages; its mean chromaticity is identical with the 
chromaticity of the test illuminant. The observer then starts the next trial by looking 
at an experimental display with a different central colour under the test illuminant 
(Figure 7.1 -c). 
123 
b 
3 
, AW 
Figure 7.1 Example of a typical experimental trial. First, observers view a colour 
andjudge as quickly as possible whether this colour is appropriate for an object or 
not (a). Second, a mask is presentedfor 1.5 seconds (b). Third, the mask disappears, 
another colour is presented and the next trial starts (c). 
7.2.2 Illumination 
This experiment employed standard daylight illuminants, at 4000-, 6500-, and 
25000-K correlated colour temperature, respectively labelled as D40, D65 and D250. 
Their Yxy chromaticity values are presented in Table 6.1, as measured by a Minolta 
CS 100 chromameter. 
Y(cd/M2) x Y 
D65 (neutral 7.82 0.3128 0.3307 
D40 (yellowish) 7.62 0.3807 0.3835 
D250 (bluish) 7.55 0.2508 0.2507 
Table 7.1 CIE Yxy chromaticity valuesfor the three illuminants. 
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7.2.3 Colour stimuli 
The experiment employed two familiar objects: a banana and a carrot. The 
experimenter obtained the surface reflectance of a real banana and a real carrot using 
a JETI Specbos I 100 Spectroradiometer (shown in Figure 7.2). The CIE Yxy 
chromaticity values for these objects under each test illuminant were calculated by 
multiplying the surface reflectance, the illuminant energy spectrum, and the CIE 
colour matching functions. These chromaticity coordinates were then utilized as a 
reference to determine all the experimental colours. 
1.0 
Banana 
Carrot 
0.8 - 
4) 
0.6 
0.4 
w 
0.2 
0.0 
350 450 550 650 750 
Wavelength (nm) 
Figure 7.2 The measured surface reflectance of a real banana and a real carrot 
For each object under each test illuminant, I selected a group of isoluminant colours 
around the real object's measured colour as experimental stimuli. Figure 7.3 
illustrates the CIE u'v' values for the banana stimuli and their relative position to the 
real banana colour, under each test illumination. Note that under different-test 
illuminations, the number of stimuli selected is different. For the banana, there are 64 
colour stimuli under D40,61 colours under D65 and 64 colours under D250. Figure 
7.4 shows the CIE u`v` values for the carrot colours. For the carrot, there are 63 
colours under D40,64 colours under D65 and 63 colours under D250. For details on 
stimuli's CIE Yxy chromaticity values, please see Appendix 4. 
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Each stimulus group covers a sufficient range of colour space so that most of the 
object's appropriate colours will lie within the group. The exceptions are the stimulus 
groups under D40, for both banana and carrot, where the actual object colours lie at 
the border of the displayable gamut, and the stimulus groups therefore, cannot 
employ the colours beyond the gamut border that would be considered appropriate. 
7.2.4 Procedure 
The experiment employs two familiar objects: a banana and carrot. For each object, 3 
different experimental conditions are tested. In Condition I the central object is a 2D 
neutral disk (3.50.5 deg), and the observers are asked whether the disk's colour is 
appropriate for either a banana or a carrot, depending on the session (Figure 7.5-a). 
In condition 2, a 2D object's (4xl2 deg) filled contour is used as a stimulus (Figure 
7.5 -b), while in condition 3, a 3D real object (4xl2 deg) is presented (Figure 7.5 -c). 
An observer has to complete 6 sessions in total, 3 for the banana and 3 for the carrot. 
Each session in the experiment corresponds to a given object under one experimental 
condition, tested under 3 test illuminants. Within each session, each colour choice 
was presented only once per subject, using the general paradigm described above. 
The observer adapts to each test illuminant for 60 seconds before he/she completes 
all of the following tasks under the illuminant. For each observer, under each 
experimental condition, the presentation sequence of the test illuminants and the 
presentation sequence of the colour stimuli under each test illuminant are random 
sequences, determined at the start of the experiment. 
In the experiment, condition I (the 2D neutral disk) is always presented first. This is 
to ensure that no object is shown to the observers before condition 1, and therefore in 
this condition, only linguistic information - the object's name - is given. Accordingly, 
for any observer, the first two sessions in the experiment are always condition I for 
the banana and condition I for the carrot. Half of the observers start with the banana 
first, while the other half start with the carrot first. This sequence is preserved also in 
Session 3-4 and Session 5-6. Half of the observers perform condition 2 for the 
banana and carrot in Session 3-4, followed by condition 3 at the end. The other half 
begin condition 3 for the banana and carrot in Sessions 3-4 and execute condition 2 
at the end. 
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Figure 7.3. CIE u'v' diagram of colour stimuli for banana, under all test 
illuminations. 
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Figure 7.4. CIE u'v'diagram of colour stimulifor carrot, under all test illuminations. 
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Each session in the experiment takes 10-15 minutes. Therefore, each observer 
requires about 1.5 hours to complete the entire experiment. 
a b 
Alamo- 
C 
Figure 7.5 Examples of the 3 experimental conditions for the banana. (a) Condition 
I. - 2D neutral disk, - (b) Condition 2. - 2D object outline; (c) Condition 3. - congruent 
3D shape. 
7.2.5 Observers 
20 observers took part in the experiment, all of them students in the University of 
Newcastle upon Tyne. They all tested as nonnal on the Farnsworth-Munsell 100 hue 
test and were naYve to the purpose of the experiment. 
7.3 Results 
7.3.1 Mean "appropriate' colour 
For each object, I define the mean 'appropriate' colour as the mean chromaticity 
coordinates (u', V) of all colours judged as appropriate for an object, averaged across 
I, 
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all observers, and the mean 'presented' colour as the mean chromaticity coordinates 
(u', V) of all the colours presented in the experiment. 
Figure 7.6 shows the mean 'appropriate' colour for the banana under each 
experimental condition, the mean 'presented' colour for banana, and the natural 
banana's colour under each test illumination, in a CIE u'. V diagram. The results 
show that there is no significant difference between the different experimental 
conditions. The mean 'appropriate' colours for the 3D real banana, 2D real banana 
and 2D flat disk lie at approximately the same location. Compared with the real 
natural banana's colour measured by the experimenter, or the mean 'presented' 
colours, the mean 'appropriate' colours are also not significantly different, 
contradictory to previous studies where memory colours for fruits were found to be 
more saturated than the fruits' natural colours (Siple & Springer 1983). Note that in 
Siple and Springer's experiment, the memory colour was allowed to vary in lightness, 
hue and saturation, whereas in this experiment, the stimuli were constrained to be 
isoluminant, and therefore the results in the two experiments may not be compared 
directly. 
Figure 7.7 illustrates the mean 'appropriate' colour for the carrot under all test 
illuminants, plotted in a CIE u', V chromaticity diagram. The figure also 
demonstrates that the mean 'appropriate' colours under different experimental 
conditions do not vary significantly; moreover, neither the difference between mean 
4appropriate' colour and measured carrot's colour, nor the difference between mean 
'appropriate' colour and mean 'presented' colour, is significant. 
Figure 7.6 and Figure 7.7 show only the mean 'appropriate' colour results, together 
with the standard error of the mean, the ranges of appropriate colour, though, are not 
examined. By analyzing the number of "Yes" responses - the number of colours 
judged as appropriate for each stimulus group, we may compare the ranges of 
appropriate colours under different experimental conditions. 
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Figure 7.6 CIE chromaticity diagram (u', v) for all colours presented in the banana 
experiment, under each test illumination (cyan: D250; black: D65; yellow: D40); the 
mean ' resented' colour (black asterisk) and the natural banana colour (black cross) p 
under each test illumination; the mean 'appropriate' colours for the banana, under 
all test illuminants, for 3 experimental conditions (blue dot: 3D real object; green 
dot: 2D real ob ect; red dot: 2Dflat disk). The coloured lines illustrate the size of the 
standard error of the mean, computed across all 20 observers. Note that as the 
number of 'Yes' responses varies among the 3 experimental conditions, the error 
bars in thisfigure do not represent the range of 'appropriate' colours, which will be 
discussed later. 
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Figure 7.7 CIE chromaticity diagram (u', v) for all colours presented in the carrot 
experiment, under each test illumination (cyan: D250; black: D65; yellow: D40); the 
mean Presented' colour (black asterisk) and the natural carrot colour (black cross) 
under each test illumination; the mean 'appropriate' colo urs for the carrot, under all 
test illuminants, for 3 experimental conditions (blue dot. - 3D real object; green dot: 
2D real object; red dot. - 2D flat disk). The coloured lines illustrate the size of the 
standard error of the mean, computed across all 20 observers. Note that as the 
number of 'Yes' responses varies among the 3 experimental conditions, the error 
bars in thisfigure do not represent the range of 'appropriate' colours, which will be 
discussed later. 
7.3.2Number of "Yes" responses 
Figure 7.8 demonstrates the mean number of "Yes" results for all experimental 
conditions. The figure shows that, for the banana, the number of appropriate colours 
for the 2D flat disk is significantly smaller than the number of appropriate colours for 
the 2D banana contour (t-test, p<0.0001). Meanwhile, the number of appropriate 
colours for the 2D banana contour is also significantly smaller than the number of 
appropriate colours for the 3D real banana (t-test, p<0.01). The differences between 
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experimental conditions for the carrot are smaller than the differences between 
conditions for the banana, but the trend is the same. That is, the number of "Yes" 
responses for the 2D flat disk is near-significantly smaller than the number of "Yes" 
responses for the 2D real carrot (t-test, p<0.07), and is also significantly smaller than 
the number of "Yes" responses for the 3D real carrot (t-test, p<0.02), but there is no 
significant difference between the 2D real carrot and the 3D real carrot (t-test, p>0.5). 
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Figure 7.8 Mean number of "Yes " results for all experimental conditions, averaged 
across 20 observers, under all test illuminants. Error bars are standard errors of the 
mean. 
Figure 7.9 illustrates the distribution of "Yes" responses in the CIE chromaticity 
plane (x, y), using a pseudo-colour density map, for the banana, summing over all 
observers in the experiment. In the figure, the number of "Yes" responses is plotted 
as a function of stimulus CIE x, y coordinates, with the colour of the plotted point 
determined by the magnitude of the number. The redder the colour, the larger the 
number of "Yes" responses. The figure demonstrates the response differences 
between the experimental conditions. When the observers saw a 2D flat disk, they 
judged only a few colours as appropriate for the banana. For the 2D banana contour, 
observers accepted more colours as appropriate, whereas for the 3D banana, the 
observers acknowledged almost all the experimental colours as appropriate for the 
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D40 
banana. Thus, as the stimulus contains more and more visual information, i. e. from a 
flat disk to a 2D recognizable object contour, to a 3D object, the range of appropriate 
colour for a familiar object increases. 
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x, y chromaticities, for 20 observers under all test illuminants. Black cross represents 
the natural banana's measured colour. a) 2D flat disk condition; b) 2D banana 
contour c) 3D real banana. 
The same results are found for the carrot,, although the effect is considerably smaller 
(as shown in Figure 7.10). The number of appropriate colours for the carrot 
increases from 2D flat disk condition to the 2D carrot contour condition, whereas the 
difference between the 2D carrot contour and 3D carrot conditions is not significant. 
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7.3.3 Reaction time 
In the experiment, the observers were asked to make their judgment as quickly as 
possible, and for each trial, the time lapse between the presentation of an 
experimental colour and the observer's manual response is recorded. These reaction 
time results may then be analysed under each experimental condition. Note that in 
some trials, the subjects may respond slowly due to loss of concentration; thus, to 
analyse the actual reaction time for the experimental task, I discard all the outliers. I 
compare two methods of defining outlier's boundary: the first is a purely visual 
method -I noted that most reaction times cluster below 4 seconds (as shown in 
Figure 7.11), thus the outlier's boundary is set to 4 seconds. The second method, I 
use the standard definition as the outlier's boundary - the upper quartile plus 1.5 
times the inter quartile range result for all collected reaction times (2.0035 seconds). 
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Both methods yield qualitatively similar results. I thus use 4 seconds as the outlier 
boundary for all the reaction time results presented below. 
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Figure 7.11 Reaction time results for all observers under all experimental conditions. 
Blue line: the 4 seconds boundary; green line, the 2.0035 seconds boundary. 
Figure 7.12 shows observers' mean reaction time results under all experimental 
conditions, averaged over both 'yes' and 'no' responses. The figure reveals that the 
reaction times for the 2D flat disk condition are significantly higher than for 2D real 
object or the 3D real object condition (p<0.0001, one-tailed T-test, averaged over all 
observers,, illuminants and objects). The larger the reaction time, the more difficult 
the task; thus the results demonstrate that without the presence of a visually 
identified object, it is more difficult for the observer to tell whether a colour is 
appropriate for the object. As soon as the object is visually recognizable, adding 
three-dimensional perceptual cues do not improve reaction time results. On the 
contrary, the greater complexity within the scene appears to make the task for 3D 
real objects more difficult than 2D real objects, resulting in longer reaction times for 
3D real objects (p<0.001, one-tailed T-test, averaged over all observers, illuminants, 
conditions and objects). 
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Figure 7.12 also reveals that under different test illuminants, the mean reaction times 
vary. For both the banana and carrot, the mean reaction times under D40 are 
significantly larger than under D65 (p<0.0001 for banana; p<0.0001 for carrot, one- 
tailed T-test, averaged over all observers and experimental conditions); the mean 
reaction times under D65 are significantly larger than under D250, but only for the 
carrot (p=0.6917 for banana, p<0.02 for carrot, one-tailed T-test, averaged over all 
observers and experimental conditions). Therefore, the more bluish the illumination, 
the quicker the observer's judgements are made. This effect is most evident for the 
2D flat disk, and is less distinct for 2D and 3D real object. 
The effects of illumination and experimental condition on reaction time results are 
also confirmed by a three-way ANOVA test (Matlab building function 'anovan' with 
'interaction' model), which employs the factors 'objecf) I 'experimental condition' 
and 'illumination'. The ANOVA test shows that all the factors have a significant 
effect on reaction times (p<0.0000001), except for the factor 'object' (P=0.085). The 
interactions between all factors are also significant ('object' and 'illumination' - p=O; 
'object' and 'experimental condition' - p=0.0436; 'experimental condition' and 
'illumination' - p=0.0084). 
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Figure 7.12 Observers' mean reaction time results for banana and carrot, under all 
test illuminants and all experimental conditions. Error bars indicate standard error 
of the mean. 
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I also tested whether the reaction time required for a "Yes" judgement is different 
from a "No" judgement. Table 7.2 illustrates the mean reaction times for both "Yes" 
and "No" responses in the experiment, under all experimental conditions. The results 
do not show a consistent pattern: under some test illuminants and conditions, e. g. for 
the 3D real banana under all test illuminants, the 3D real carrot under D40, and the 
2D real carrot under D65 and D250, it is faster to make a "Yes" response, while 
under all the other test illuminants and conditions, it is the opposite. Statistical tests 
also confirm this conclusion: the mean reaction time difference between the "Yes"' 
and the "No" responses, averaged across both objects under all test illuminants and 
conditions, is not significant (one-tailed T-test, p=0.7346). Interestingly, some 
statistically significant differences are obtained by comparing the reaction time 
differences between the "Yes" and the "No" responses under each experimental 
condition separately. For the 2D flat disk, the required reaction time for the "Yes" 
response is significantly larger than the reaction time for the "No" response (one- 
tailed T-test, p<0.0005). This result is reversed under the 3D real object condition, 
where the reaction time for the "Yes" response is significantly smaller than the 
reaction time for the "No" response (one-tailed T-test, p<0.005), whereas for the 2D 
real object, the difference between "Yes" and "No" response is not significant (one- 
tailed T-test, p=0.2304). In summary, the predominant response appears to be faster. 
For example, for the 2D flat disk, the majority of the responses are "No"; thus its 
"No" responses are faster than the "Yes" responses; it is the opposite for the 3D real 
object, and therefore its "Yes" responses are faster than the "No" responses. 
Banana Carrot 
YesRT(s) NoRT(s) YesRT(s) NoRT(s) 
2DFlat-D40 1.3027 1.1585 1.0858 1.0020 
2DReal-D40 1.0286 0.9183 0.9701 0.9492 
3DReal-D40 0.9815 1.08 1.0316 1.0363 
2DFlat-D65 1.1867 1.0177 0.9510 0.9310 
2DReal-D65 0.9559 0.8715 0.9035 0.9354 
3DReal-D65 0.8927 1.0071 0.9306 0.9198 
2DFlat-D250 1.1223 0.9969 0.9666 0.9134 
2DReal-D250 0.9186 0.9242 0.8257 0.8981 
3DReal-D250 0.9466 0.9954 0.8908 0.8869 
Table 7.2 Mean reaction time results for "Yes" and "No " responses, under all 
experimental conditions. 
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Figure 7.13 illustrates the distribution of mean reaction times in the CIE x, y 
chromaticity plane, averaged across all observers, for the 3D real object condition. 
The pseudo-colour map is coded as for Figure 7.9 - 'warm' colours indicate larger 
magnitude and 'cool' colours indicate small magnitude. The figure demonstrates that 
unlike the number of the "Yes" results where a clear cluster is found (see Figure 7.9 
and Figure 7.10), for both the banana and carrot, no systematic pattern can be found 
for the mean reaction time results. There is no evidence that the reaction time results 
correlate with the colour distance from the object's natural colour, i. e. there is no 
clear pattern of blue around the object's natural colour locus and red around the 
stimulus borders. Therefore we may not conclude that the closer the colour is to the 
natural colour,, the quicker the task is completed. 
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chromaticity, averaged across all observers. Black cross represents the real object's 
measured colour. a) Banana b) Carrot. 
7.4 Discussion 
7.4.1 The range of appropriate colour 
In this experiment, it is the range of appropriate colours rather than the mean 
(appropriate' colour that is different under different conditions. Compared with 
previous experiments investigating memory colour (Siple & Springer 1983), the 2D 
flat disk condition in this experiment employs the most similar paradigm. The only 
difference between it and the Siple and Springer's experiment is the instruction given 
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to the observer: instead of asking the observer to adjust a colour until a satisfactory 
match is made, here the observer is asked to indicate whether a given colour is 
appropriate for a familiar object. The instruction given in the present experiment 
drives the observer to compare the colour with the memory colour preserved in 
his/her brain, which depends solely on prior experiences. If the colour matches the 
memory colour, a "Yes" response is given. Thus any appropriate colour in this 
experiment may be called as memory colour. The mean 'appropriate' colour, 
nevertheless, is the most typical memory colour, and therefore most likely 
corresponds to the memory colour obtained in Siple and Springer's experiment. 
By investigating the range of appropriate colours instead of solely the mean 
ýappropriate' colour, I have found that observers accept a larger range of appropriate 
colours for the 3D real object than for the 2D object outline; and the range of 
appropriate colours for the 2D neutral disk is significantly smaller than the range for 
the 2D object outline. This differential effect between experimental conditions may 
be due to 3 possible explanations, described as follows. 
The first explanation is the differential effect on perception under different 
experimental conditions. The presence of an object may activate its memory colour 
more effectively, shifting the perception of an object's colour, i. e. turning the 
perception of a banana a bit more yellow. This effect will thus result in altered 
appropriate colour choices in the experiment. Nevertheless, as no differential result 
for the mean appropriate colour under different experimental conditions is obtained, 
there is no evidence of a perceptual shift with the presence of an object, and the 
possibility of a direct perceptual colour shift can be ruled out. 
The second possible cause is a change in response bias. For example, the subject may 
tend to say 'yes' more often for the banana shape than for disk, whether or not the 
colour matches his memory colour of a banana, simply because the object looks like 
a banana in its shape. This explanation, however, does not account for the difference 
between the 2D object outline and 3D real objects, as in both conditions the object's 
shape is clearly present. 
The last explanation may be attributed to the fact that from the 2D flat disk to the 2D 
real ob ect, to the 3D real object, the perceptual information contained in the visual j 
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stimulus steadily increases. The more details available in the stimulus, the larger the 
deviation of the memory colour, and the less reliable a memory colour can be. For 
example, a 2D banana outline in a drawing may only contain a uniform yellow 
surface, but a 3D banana, because of the available details such as the luminance 
gradient, embraces a much larger range of colours. Over a lifetime's experience, a 
subject may learn that real bananas come in a range of colours, and accepts much 
more variance when a 3D real banana is present. This is the most plausible 
explanation so far, as it is the only one that accounts fully for the experimental 
results obtained. 
7.4.2 The mean "appropriate' colour 
In this experiment, the mean 'appropriate' colour remains unchanged across 
experimental conditions. One complication that must be addressed is the possibility 
that the lack of variation in the mean 'appropriate' colour under different 
experimental conditions is simply due to an effect of the 'tendency toward the mean' 
(Morgan et al 2000). That is, subjects will tend to find the mean of any distribution 
the experimenter presents them with, even when, as in this experiment, the stimuli 
within the distribution are presented one after the other, and each one only once. As 
the presented distributions across experimental conditions are identical, if this 
possibility is true, the mean 'appropriate' colour will remain constant. It is then not a 
real representation of the object's memory colour, but merely the centre of the 
presented colour stimuli. 
A closer look at the experimental results in Figure 7.6 and Figure 7.7 reveals that we 
cannot rule out this possibility. The obtained mean 'appropriate' colour is 
significantly different from neither the mean 'presented' colour - the distribution 
centre -, nor the measured real object colour. In some cases where the mean 
'presented' colour is different from the measured object colour, e. g. the banana 
under D65 and D40, and the carrot under D40, the mean "appropriate' colour actually 
lies closer to the distribution centre than the natural object's colour. 
Although the mean 'appropriate' colour obtained in this experiment may not 
correspond to the real memory colour, the conclusion that memory colour is not 
influenced by the form of the presented object may still be valid. Supports for this 
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argument comes from Siple and Springer's experiment (1983), in which they asked 
observers to adjust a colour until it matched the memory colour of an object, for 2D 
netural disk, 2D object contour and 2D object outline with texture information. They 
found that memory colour does not vary between any of the three conditions 
presented; thus memory colour remains constant regardless of the form of the 
presented object. 
Nevertheless, within the current experimental setup, I have no indisputable evidence 
to show that the mean 'appropriate' colour or the actual memory colour is invariable 
across different experimental conditions. To ftilly verify this statement, the first 
option I have is to shift the range of presented colours away from the natural object's 
colour. If the mean 'appropriate' colour does not shift away from the natural object's 
colour, then I may conclude that the mean 'presented' colour does not have any 
effect on the mean 'appropriate' colour results. The problem with this experiment, 
though, is that if the mean 'presented' colour does influence the mean 'appropriate' 
colour, no direct evidence can be obtained from this experiment to show that 
memory colour is not affected by the form of the presented object. The second option 
available is to employ the method of adjustment, for objects under different 
experimental conditions. A pilot experiment employing 6 observers was conducted, 
in which the observers were asked to adjust a colour until it matched the most typical 
colour of a given object, under test illumination D65 or D250, for either 2D neutral 
disks or 3D real object. Figure 7.14 shows the mean memory results for the pilot 
experiment, the figure shows that for 3D real object and 2D neutral disk, the mean 
memory results do not differ significantly (one-tailed T-test, p=0.2021). Although 
only a small number of observers participated in this pilot experiment, the results 
suggest that memory colour does not across different experimental conditions. 
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7.4.3 The effect of illumination change 
In this experiment, under all test illuminants, the mean 'appropriate' colour remains 
close to the real object's measured colour. Note that the real object's measured 
colours under different-test illuminants specify colours with perfect colour constancy 
(no effect of illumination change). By using the object's measured colours as 
references, we may say that the mean 'appropriate' colours have near perfect colour 
constancy, for the 2D flat disk, 2D real object and 3D real object. Nevertheless, as 
described before, the mean 'appropriate' colour may rely solely on the distribution of 
all the presented colours, which does not vary significantly under changes in 
illuminant; therefore, the colour constancy for the mean 'appropriate' colour does not 
mean that there is no effect of illumination change. 
However, there is an effect of illumination on reaction times. The more yellowish the 
illuminant, the longer the observer required to respond on each trial. I thus postulate 
that as both the banana and carrot colours lie in the more yellowish region of colour 
space, under D40 (a yellowish illuminant), the effect of incomplete colour constancy 
may cause the observer not to adjust fully to the shift in illumination. Therefore his 
neutral point would instead remain on the 'bluish' side of the new neutral point. 
Using his own 'bluish' neutral point as a reference, he will view all the colours as 
more yellowish, and there will appear to be more yellow stimuli under D40 than 
under D65. As it is easier for the observer to reject a bluish colour than a yellowish 
colour, the observer may then require longer time to judge colours under the more 
yellowish illuminants than under the more bluish illuminants. 
A closer look at Figure 7.12 supports this hypothesis. For both the banana and carrot, 
a more yellowish illuminant always requires longer reaction times than a more bluish 
illuminant. The difference in reaction time is also more distinct for the 2D flat disk 
than for the 2D real object or 3D real object. These results suggest that colour 
constancy for the simple colour stimulus is poorer than colour constancy for familiar 
obj ects. 
7.4.4 Linguistic or perceptual 
In the 2D flat disk condition, the object's identity was provided only linguistically, 
by the object's name. It is then worth asking whether the differential results among 
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experimental conditions are linguistic or perceptual differences. I conclude that the 
answer is both. 
Indeed, in the 2D flat disk condition, perceptually the observer cannot identify the 
object. Therefore, it is hard to deny the effect of the object's name on the 
experimental results. Nevertheless, between the 2D real object and 3D real object 
conditions, there should be no differential linguistic effect. Observers are given the 
same instruction, and they view the same stimulus contour and the same 
experimental colour; thus they should recognize the object without any difference 
(Biederman & Ju 1988). Nevertheless, the results for both the reaction time and 
memory colour range show considerable differences between conditions, which 
cannot be explained by a linguistic effect. 
Even if we acknowledge the importance of the linguistic effect under the 2D flat disk 
condition, we may not discard the possibility of a perceptual contribution. 
Bornstein's (1976) study has shown that for colours near the blue and green colour 
boundary, an instruction to remember a bluish colour shifts the remembered colour 
into the blue direction, while an instruction to remember a greenish colour alters the 
remembered colour in the greenish direction, his results indicate that colour memory 
is affected by colour naming. Davidoff (2001), after investigating categorical 
perception for both native English-speaking subjects and monolingual Berinmo 
speakers, suggested that perceptual categories are derived from the words in the 
speaker's language. Both studies described above indicate that although language is 
not integral to colour perception (Boller & Spinnler 1967), they still interact at higher 
levels. The linguistic effect I described here is not the same as these, because the 
presented words are ob ect categories, not colour categories. Nevertheless, for j 
objects with highly diagnostic colours, such as banana and carrot, there is most likely 
a strong interaction between object and colour category at the linguistic level. A 
complete distinction between linguistic and perceptual roles, therefore, is not 
plausible. 
7.4.5 Memoty colour effect 
Ever since the concept of memory colour was proposed, the question as to whether 
memory colour influences the perception of object colour has become a central point 
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of debate. The key point of this debate is to verify the memory colour effect 
empirically - the differential effect between the perception of a familiar object and a 
neutral object. 
In previous studies, numerous attempts have been made to compare colour matching 
results between a neutral shape and a familiar object's contour directly. Some of 
these revealed differential effects (Bruner et al 1951, Delk & Fillenbaum 1965. 
Duncker & College 1939, Harper & College 1953), while others found almost no 
effect (Bolles et al 1959, Fisher et al 1956, Hanawalt & Post 1942). Nevertheless, 
even the firmest believer of the memory colour effect must admit that the effect is 
rather weak from the colour matching results alone. Take one of the most well 
known studies as an example: when both a donkey and a leaf were cut from green 
paper, the colour matching results for the green leaf were reported as greener than the 
matching results for the donkey, providing strong evidence of a memory colour 
effect (Duncker & College 1939). Duncker's experiment is often quoted as a typical 
illustration for the memory colour effect, yet 5 out of II of his observers exhibited 
almost no differential colour matching results between the donkey and the leaf. 
The results presented in this chapter partially explain why differential colour 
matching results between a neutral shape and a familiar object's contour are so 
difficult to obtain. Here, instead of employing the traditional method, I asked the 
observer to simply identify whether a colour is appropriate for an object or not. The 
mean 4appropriate' colour was found to show no significant memory colour effect. 
Although there is no evidence to prove that the mean 'appropriate' colour in this 
experiment is equivalent to memory colour, or even the colour matching results 
obtained by previous studies, the lack of a difference in the mean 'appropriate' 
colour between the 2D neutral disk and familiar objects does suggest that true 
memory colour effect might not be obtainable in all measures of colour perception. 
However, as this experiment has shown, in other aspects of colour perception such as 
the range of memory colours and the reaction times, a robust memory colour effect is 
apparent. These factors, often neglected by previous studies, are much better 
indicators of a memory colour effect. 
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Moreover, the memory colour effect discovered here is likely to occur at a perceptual 
level. In this experiment, the experimental stimuli preserve their natural perceptual 
cues. Nevertheless, the general experimental paradigm, in which an object may 
change its colour abruptly, is highly unnatural. Therefore, regardless of all the natural 
sensory information the observers received, they performed their tasks knowing that 
they were not looking at the real object. Thus, the effect observed here must not be a 
purely cognitive one, although at which perceptual level the effect does occur 
remains unresolved by this experiment alone. 
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Chapter 8 Summary 
Colour constancy is an essential component of colour perception and is typically 
studied in the laboratory via asymmetric colour matching experiments, in which the 
observer views two colours under two different illuminations side by side and makes 
matches between them. This situation is unlike colour constancy in the real world, 
which must typically involve a comparison between the colour one views and the 
colour one remembers - in other words, colour memory must be required. 
Furthermore, most colour constancy studies use two-dimensional Mondrian images 
as experimental stimuli. These stimuli enable easy computer control of colour but 
exclude most of the natural perceptual cues such as binocular disparity, 3D 
luminance shading, mutual reflection, surface texture, glossy highlights, all of which 
may contribute to colour perception. 
The aim of this project is to study colour perception of real ob ects in a more natural j 
environment. To do so, I have developed an experimental setup which preserves the 
advantages conferred by easy computer-driven control of colour as well as the 
natural binocular and monocular cues to 3D shapes. The setup also permits the use of 
real solid objects as stimuli, and the manipulation of their apparent surface colour as 
well as the background illumination. Thus, using this setup, I conducted a series of 
experiments that investigate aspects of colour perception related to colour constancy 
and colour memory as well as object familiarity. 
My first experiment tested one of the central arguments of this project: colour 
constancy relies on colour memory. In this experiment, I employed 2D flat colour 
samples printed by a characterised colour printer, and investigated their hue and 
saturation memory under constant and changing illuminations. I then developed a 
new index of colour constancy that quantitatively assesses the relationship between 
colour memory and colour constancy. The experimental results reveal that the 
observer's choice for the remembered colour remains the same (in terms of the 
invariant surface reflectance to which it corresponds) under both constant and 
147 
changing illuminations, indicating that colour constancy relies strongly on colour 
memory, and is as good as colour memory allows. 
My second experiment employed 3D simple objects made from plaster of paris and 
addresses three basic questions at sensory level: how do 3D size differences 
influence colour discriminability; how do colour differences influence size 
discriminability; and how do colour and size interact to determine object similarity? 
The results revealed that colour discrimination is better for objects with identical 
sizes than for objects with different sizes. Saturation differences have an effect on the 
perceived size - an object with a more saturated colour is perceived as larger. And 
the thresholds in object similarity tasks are significantly larger than in the single 
attribute (colour or size) discrimination tasks. These results suggest that even at 
sensory level, colour and shape (or size) perception interact in both ob ect similarity j 
and discrimination tasks, and cannot be studied completely independently of each 
other. 
The third experiment went on to investigate the effect of object shape on colour 
perception at perceptual level. It employed 3D natural bananas and tested whether 
object familiarity would affect colour constancy and colour memory. It was found 
that a banana is remembered as more yellowish than a dome of the same surface 
reflectance. For a 3D banana, the degree of colour constancy for its characteristic 
colour (yellow) is significantly higher than for its non-characteristic colours (blue 
and purple). The degree of colour constancy for a 3D banana is higher than for a 3D 
dome, but only for the banana's characteristic colour (yellow). Moreover, object 
familiarity not only affects colour perception of the object itself, but also affects 
colour perception of the background objects. 
The effect of object familiarity on colour perception was tested more extensive y in 
my last experiment. Here, I presented a range of colours to the observer and asked 
him to indicate whether this colour is appropriate for an ob ect (banana or carrot). j 
Therefore, not only the memory colour for the familiar object itself, but also the 
range of memory colours is investigated. I found that a greater range of colours were 
judged as appropriate for the familiar object than for the neutral shape, whereas the 
reaction times for familiar objects are shorter than for neutral shapes. These results 
indicate that object familiarity does influence colour perception, as measured by the 
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reaction times and the range of appropriate colours accepted for an object, although it 
is difficult to pinpoint this level as specifically perceptual or cognitive. 
All the above experiments employed the experimental box developed in this project. 
The experimental objects varied from 2D flat colour patches, 3D simple objects to 
3D familiar fruit and vegetables, thereby probing colour perception at different levels. 
The results overall confirm the hypothesis that colour perception is a complex 
process mediated by several visual mechanisms: colour memory, colour constancy 
and object familiarity all contribute to an object's final colour perception. Therefore, 
future studies on colour perception should take all these factors into consideration, 
and investigate colour perception in a more natural environment. 
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Appendix 1. Remote control 
for Canon PhotoShot S45 
In the experiment I employed a Canon PhotoShot S45 digital camera. A remote 
control program enables pictures to be taken without the presence of the 
photographer. Therefore, the camera may execute the task as soon as the computer 
sends a command. 
Several fully established softwares perform the remote control tasks through 
computer interface, such as Canon's RemoteCapture. However, all these programs 
are built upon Graphical User Interface (GUI), they cannot be implemented into 
other programs. To be able to call the remote control command from Matlab 
interface directly, an executable file 'CanonSDK6. exe' was built using Canon Digital 
Camera SDK (CD-SDK) development kit, under Microsoft Visual C++ 6.0 
environment. 
CD-SDK is a software development kit that offers an interface to Canon digital 
cameras and data generated by the camera. It comes as a library that can be linked to 
customized application software. In this project, only the basic camera functions are 
required, these functions include asking the camera to take picture; downloading 
images from the camera; and deleting images stored in the camera. 
Further instructions on how the VC project was built can be found from the Software 
Developer's Guide for Canon Digital Camera Software Development Kit, available 
for members of Canon's Digital Imaging Developer Programme (see 
http: //www. didp. canon-europa. com/). The main codes read the command sent by the 
experimenter and performs a task. The details of the available commands and the 
corresponding codes are described below. 
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Take the picture 
Command: CanonSDK6 shot N/ CanonSDK6 shot 
This command takes N pictures in a row and saves them in the CF card. If the 
number N is not given in the command, only one picture is taken. For example, if the 
command: 'CanonSDK6 shot 3' is sent, the camera takes 3 pictures in a row. The 
main codes to execute this command are: 
// Initialize the camera 
cdInit(&hCam, &hVol, &hEnumD, &hEnumV, &hItem); 
// Enter camera's release control mode 
err = CDEnterReleaseControl(hCam, &MyEventCallbackFunction, O); 
// define the release control mode 
err = CDSelectReleaseDataKind(hCam, cdREL_KIND_PICT_TO_CAM); 
// take N pictures 
for (i=l; i<numPictures+l; i++)f 
err = CDRelease( hCam, FALSE, NULL, NULL, cdPROG_NO_REPORT, &NumData 
err = CDExitReleaseControl(hCam); 
Download N images from the camera 
Command: CanonSDK6 download N filename 
This command downloads the last N number of images saved in the CF card to the 
current directory of the computer hard disk with the defined filename. The filename 
is always followed with the number of the pictures being downloaded. For example, 
for command 'CanonSDK6 download 4 pictures', the first downloaded image (the 4 th 
last picture stored in the CF card) is saved as 'pictureljpg', while the last 
downloaded image (the last picture in the CF card) is saved as 'picture4jpg'. The 
main codes to execute the command are: 
// obtain the N number of pictures needed to be downloaded 
numPictures = atoi(ArgV[2)); 
// Initialize the camera 
cdInit(&hCam, &hVol, &hEnumD, &hEnumV, &hItem); 
// Obtain the number of picture stored in the CF card 
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err = howManyImages(hItem, &numCardImg); 
// If N is larger than the number of Pictures available, modify N 
if (numCardImg<num. Pictures)1 
numPictures = numCardImg; 
// Set the image item 
err = CDEnumImageItemReset(hItem, 2,0, &hEnumI); 
// Move the image pointer to the first image to be downloaded 
for (i=l; i<numCardImg-numPictures+l; i++)j 
err = CDEnumImageItemNext(hEnumI, &hImgItem); 
I 
// download the pictures 
for (i=l; i<numPictures+l; i++)( 
// Obtain the image item 
err=CDEnumImageItemNext(hEnumI, &hImgItem); 
// Get the image's information 
err = CDGetItemInfo(hImgItem, &ImgItemInfo); 
// Open the image 
err = CDOpenImage(hImgItem); 
// Get the image's data and save the image 
if( CDGetPicture(hImgItem, &hImgData) == cdOK 
// define the saved filename 
sprintf(filename, I%s%d. jpgl, ArgV[31, i); 
piMedium. u. lpszFileName = filename; 
// Get the data and save the image 
err = CDGetImageData(hImgData, &piMedium, &MyProgressCallbackFunction, 0, 
cdPROG_REPORT_PERIODICALLY); 
I 
// Close the image item 
err = CDCloseImage(hImgItem); j 
// Release the image item 
err = CDEnumImageItemRelease(hEnumI); 
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De/ete images in the CF card 
Command: CanonSDK6 delete N/ CanonSDK6 delete 
This command deletes the last N images saved in the CF card. If the number N is not 
given in the command, all the images in the CF card are deleted. For example, the 
command: 'CanonSDK6 delete 6' erase the last 6 images stored in the CF card. The 
main codes to execute this command are: 
// Initialize the camera 
cdInit(&hCam, &hVol, &hEnumD, &hEnumV, &hItem); 
// Obtain how many pictures are stored in the CF card 
err = howManyImages(hItem, &numCardImg); 
// Obtain how many pictures are to be deleted 
if (ArgC==3)1 
if N is given, then the number to be deleted is N 
numPictures = atoi(ArgV[2]); 
else if(ArgC == 2)j 
// If N is not given, then delete all the images in the card 
numPictures = numCardImg; 
// If N is larger than available pictures, then change N 
if (numCardImg<numPictures)f 
numPictures = numCardImg; 
// Set the image item 
err = CDEnumImageItemReset(hItem, 2,0, &hEnumI); 
// Move the image pointer to the start point 
for (i=l; i<numCardImg-numPictures+l; i++)l 
err = CDEnumImageItemNext(hEnumI, &hImgItem); 
// Delete the images 
for (i=l; i<numPictures+l; i++)f 
CDEnumImageItemNext(hEnumI, &hImgItem); 
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err=CDDeleteImage(hItem, nimgitem); 
// Release the image item 
err = CDEnumImageItemRelease(hEnumI); 
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Appendix 2. Geometrical 
calibration algorithm 
The geometrical calibration algorithm involves projecting arrays of pixels at 4 
different stages. Figure I shows sample pictures for each stage, all of them cropped 
from the top left comer of the original real size picture. In the first stage, pictures 
were taken for an N by M array of white dots (N and M depend on the size of target 
area) against a black background. These white dots are actually individual pixels 
from the data projector. Between each pair of adjacent white pixels lie 31 black 
pixels, forming the large black background (Figure I-a). The stage two picture 
consists of 2*N-1 by 2*M-1 array of white dots, while N by M of these dots originate 
from the stage one picture, the remaining N- I by M- I dots are inserted between them 
in a regular grid, cutting the number of black pixels between each adjacent pair of 
white pixels to 15 (Figure I-b). The same process was carried out in the stage three 
pictures, in which additional white dots were inserted between the stage two white 
dots, making the size of the array 4*N-3 by 4*M-3 and the number of black pixels 
between two neighbouring white dots 7 (Figure I -c). In the final stage, stage four, the 
picture consists of an array of 8*N-7 by 8*M-7 white dots, and only 3 black pixels 
lie between the two adjacent white points (Figure I -d). 
A zoomed full stage one picture is illustrated in Figure 2. To start the geometrical 
calibration program, the experimenter manually defines the locations of the four 
comers of the array, shown as the red stars in the right image in Figure 2. Given their 
positions and the number of white dots between them, we may estimate the territory 
for all the other stage one white pixels (red squares in the right image in Figure 2). In 
a stage one image, the gaps between these white dots are large enough so that these 
territories do not overlap with each other. At the same time, the size of the defined 
territory is also large enough to compensate for any of the positional estimation error. 
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Therefore, one, and only one white pixel lies within each territory, and the exact 
position for that Pixel may then be determined as the brightest dot in that territory. 
Figure I The projector projects arrays of white dots at four stages. Picture for stage 
one (a); picture for stage two (b); picture for stage three (c); picture for stage four 
(d). All images are not actualfull size, but show only the top left corner of the actual 
images. 
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Figure 2 The data projector projects an array of white pixels against black 
background, and the image is captured by the digital camera (left). To run the 
geometrical calibration program, the experimenter manually defines the locations 
for the corners of the matrix (the red stars in the right), and the program then 
determine the territory for each dot in the image (the red squares in the right). The 
exact locationsfOr these dots are the brightestpoint within the territory. 
The positional information for all stage one dots can then be processed to determine 
the position for additional stage two dots. The procedure is demonstrated in Figure 3. 
As the positions for stage one dots: PI, P2, P3 and P4 are known (Figure 3: red 
circles), it is then simple to compute the territories for the additional 4 points 
between them without great error (red squares in right image in Figure 3). The exact 
positions for these dots will then be defined as the locations for the brightest point 
within each territory. Accordingly, we can also use positional information for stage 
two dots to determine that of the stage three dots, which can then be used to compute 
the locations for the stage four dots. 
With a complete group of four stage pictures, we may eventually work out the 
corresponding location for every single pixel in the stage four picture, which is 
1/16th of the entire target area. By capturing 15 more groups of pictures, we can 
build a complete look-up table that matches all projector pixels within the target area 
to their corresponding positions in a picture captured by the camera. 
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Figure 3 Top-left corner of a stage one picture (7eft); and its corresponding stage 
two equivalent (right). Given the locations of the dots PI, P2, P3 and P4 in stage 
one picture, the territories for dots between PI, P2, P3 and P4 may be defined (the 
red squares). The exact locations for these additional dots are the brightest points 
within these territories. 
Figure 4 shows how the additional 15 groups of pictures are positioned, relative to 
the location of the first group, which was determined manually. In this figure, each 
square represents a pixel from the projector, the number within the square shows the 
corresponding group of picture the pixel belongs to. From the figure we can see, the 
additional 15 groups fill in the gap left by the group I within the target area. 
Therefore, the entire geometrical calibration process may be achieved by taking 16 
groups of pictures only 
1 2 3 4 
5 6 7 8 
9 
N 
11 
141 15 ;j 16 
I 
Figure 4 An example to show the relative positions among the 16 image groups 
required to complete the entire geometrical calibration process. 
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Appendix I How to build a 
joystick adaptor 
Matlab's Data Acquisition Toolbox provides functionality for getting and sending 
data between MATLAB and data acquisition hardware. There is a software layer, 
called as an adaptor that links the Data Acquisition Toolbox to the data acquisition 
hardware. 
To create an adaptor for a joystick, I used the Data Acquisition Toolbox's Adaptor 
Kit. The Adaptor Kit ships as part of the Matlab Toolbox and may be found at 
(MATLABROOT)\toolbox\daq\daqadaptor\Demo. For further information, please go 
to: http: //www. mathworks. com/access/helpdesk/help/pdf doc/daq/adaptorkit. pd-f for 
a complete user guide on how to use the Data Acquisition Toolbox's Adaptor Kit. 
The adaptor for this project is built under Microsoft Visual C environment. I use the 
template project provided on the website to build my joystick interface. The 
procedures are described as follows: 
1. Rename the new adaptor 
All the files in the template has the prefix 'demo', to distinguish the project with the 
original template, all the prefix 'demon' within the workspace are then replaced by 
'joy', including all the classes, files and identifiers. 
2. Set up the Universal Unique IDs (UUID) 
GUIDGEN. EXE (Microsoft Visual C++ 6.0 Tool) is run to obtain a new UUID for 
this project. I then add the obtained UUID in Joy. idl' file where 'To-DO' comments 
are given. The modification enables the project to be uniquely identified. The added 
code injoy. idl is: uuid(F2FID893-30IC-4081-B5B3-E2556EB93874). 
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3. Set up the hardware caH 
This process is achieved in 'joyadapt-cpp', at Tjoyin' method. Code is added to read 
the current hardware status from the joystick, i. e. whether a button is pressed, and 
then returns the result. The code is shown as follows: 
if (joyGetPosEx( m-uIdJoyDevInUse, (LPJOYINFOEX) &stjj JOYERR_NOERROR 
return E_FAIL; 
// read the current status of the joystick 
switch (chan)f 
case 0: // read whether a axis is pressed 
*value=SHRT_MAX; 
if (stJI. dwYpos == 0) 
J*value = 1; ) // the up-down axis is not pressed 
if (stJI. dwXpos > SHRT MAX) 
f*value = 2; j // right axis is pressed 
if (stJI. dwYpos > SHRT MAX) 
I*value = 3; 1 // up axis is pressed 
if (stJI. dwXpos == 0) 
I*value = 4; J // the left-right axis is not pressed 
break; 
case 1: // read whether a button is pressed 
*value=SHRT_MAX; 
if (stJI. dwButtons 0) 
I *value = stJI. dwButtons; return which button is actived 
break; 
default: 
return E_FAIL; 
4. Install the adaptor 
I then compile and build the project to generate Joy. dll' adaptor, under VC 
environment. The adaptor is then copied into the target directory. A Matlab function 
'daqregister('Joy. dll')' is then called to register this adaptor in the system. Now 
Matlab can communicate with the joystick. 
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5. Write the final interface joystick. my 
This is the final step of the development. A Matlab function 'joystick. m' is written to 
send Matlab command to the joystick and return the current status of the joystick 
under Matlab environment. The function is called as: 'out=joystick(l, joystring, 
btNum)', where J oystring' defines whether it's the j oystick button or j oystick axi s to 
be tested; and 'btNum' defines which button or axis is tested. For example: 
'joystcik(l, 'GetAxis', 1)' asks whether a left or right axis is activated; while 
'joystick(l, 'GetButton', 7)' tests whether button 7 of the joystick is activated. The 
code for J oystick. m' is shown as follows: 
function out=joystick(joyNum, joyStr, btNum) 
global ai; 
a=i nmem; 
not-got = 1; 
f or i=l: length (a) if 3trcmp (a (i) j oy_init 1) ==l not_got = 0; end, end 
if not-got == 1 joy-init(joyNum); end 
result = get3ample(ai); 
if strcmp('GetAxis', joyStr) 
if btNum == 1% left or right 
switch getIndexAxis(result(l)) 
case 
out = 1; % right 
case 4 
out = -1; % left 
otherwise 
out = 
end; 
elseif btNum == 2% up or down 
switch getIndexAxis(result(l)) 
case 1 
out % up 
case 3 
out = 1; % down 
otherwise 
out = 0; 
end; 
else 
out = 0; 
disp('Incorrect input'); 
168 
end; 
elseif strcmp('GetButton', joyStr) 
if getIndex(result(2)) == btNum 
out = 1; 
else 
out = 
end; 
else 
out = 0; 
disp('Incorrect input'); 
end; 
function index = getIndex(num) 
load ind; 
if (num > 0)&(num<0.04) 
index = find((ind-num)==O); 
else 
index = 
end; 
function index = getIndexAxis(num) 
load ind. Axis; 
if (num > 0)&(num<0.003) 
index = find((indAxis-num)==O); 
else 
index 
end; 
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Appendix 4. CIE Yxy values of 
stimuli (Chapter 7) 
D40 D65 D250 
Index y x y Y x y y y 
1 4.86 0.4295 0.3999 4.33 0.3736 0.3988 3.43 0.3266 0.3578 
2 4.68 0.4305 0.4037 4.27 0.3729 0.4077 3.44 0.3259 0.3675 
3 4.82 0.4291 0.4157 4.25 0.3738 0.4144 3.47 0.3243 0.3770 
4 4.74 0.4289 0.4237 4.30 0.3767 0.4255 3.48 0.3279 0.3864 
5 4.76 0.4281 0.4331 4.60 0.3735 0.4367 3.56 0.3243 0.3954 
6 4.78 0.4284 0.4422 4.56 0.3748 0.4628 3.51 0.3285 0.4023 
7 4.81 0.4253 0.4562 4.63 0.3812 0.4019 3.48 0.3269 0.4107 
8 4.73 0.4262 0.4616 4.54 0.3805 0.4067 3.48 0.3262 0.4202 
9 4.77 0.4358 0.3977 4.51 0.3830 0.4149 3.41 0.3307 0.3590 
10 4.71 0.4379 0.4068 4.47 0.3831 0.4248 3.53 0.3341 0.3684 
11 4.72 0.4364 0.4161 4.52 0.3811 0.4374 3.48 0.3328 0.3729 
12 4.73 0.4332 0.4236 4.59 0.3821 0.4439 3.64 0.3347 0.3853 
13 4.62 0.4360 0.4330 4.52 0.3833 0.4537 3.57 0.3330 0.3959 
14 4.58 0.4342 0.4409 4.60 0.3839 0.4646 3.56 0.3336 0.4050 
15 4.64 0.4340 0.4536 4.69 0.3896 0.3984 3.56 0.3330 0.4140 
16 4.74 0.4324 0.4627 4.71 0.3877 0.4056 3.48 0.3333 0.4199 
17 4.88 0.4433 0.3950 4.77 0.3879 0.4161 3.36 0.3412 0.3596 
18 4.94 0.4404 0.4056 4.78 0.3900 0.4270 3.40 0.3415 0.3659 
19 4.88 0.4415 0.4112 4.74 0.3874 0.4391 3.40 0.3425 0.3760 
20 4.88 0.4432 0.4209 4.66 0.3880 0.4450 3.48 0.3421 0.3862 
21 4.93 0.4438 0.4299 4.81 0.3888 0.4570 3.56 0.3411 0.3952 
22 4.80 0.4438 0.4414 4.68 0.3904 0.4637 3.45 0.3418 0.4056 
23 4.82 0.4429 0.4536 4.70 0.3963 0.3956 3.51 0.3419 0.4101 
24 4.83 0.4393 0.4646 4.73 0.3967 0.4074 3.56 0.3434 0.4205 
25 4.95 0.4501 0.3989 4.84 0.3960 0.4213 3.33 0.3467 0.3609 
26 4.86 0.4485 0.4041 4.73 0.3970 0.4271 3.37 0.3490 0.3708 
27 4.97 0.4490 0.4138 4.82 0.3925 0.4390 3.36 0.3496 0.3748 
28 4.89 0.4504 0.4224 4.69 0.3941 0.4483 3.45 0.3457 0.3843 
29 4.87 0.4493 0.4313 4.60 0.3974 0.4583 3.49 0.3500 0.3936 
170 
30 4.88 0.4522 0.4453 4.74 0.3972 0.4598 3.51 0.3509 0.4025 
31 4.89 0.4481 0.4544 4.73 0.4012 0.4001 3.49 0.3515 0.4104 
32 4.95 0.4565 0.3987 4.74 0.4008 0.4094 3.43 0.3516 0.4175 
33 4.93 0.4553 0.4035 4.79 0.4036 0.4162 3.39 0.3546 0.3550 
34 4.92 0.4578 0.4156 4.79 0.4016 0.4286 3.23 0.3555 0.3666 
35 4.93 0.4566 0.4266 4.74 0.4027 0.4348 3.23 0.3544 0.3740 
36 4.83 0.4587 0.4301 4.74 0.4036 0.4460 3.31 0.3575 0.3861 
37 4.79 0.4566 0.4439 4.76 0.4043 0.4530 3.37 0.3552 0.3956 
38 4.79 0.4551 0.4509 4.68 0.4030 0.4597 3.42 0.3558 0.4084 
39 4.81 0.4672 0.3936 4.85 0.4100 0.3989 3.40 0.3607 0.4104 
40 4.87 0.4679 0.4068 4.75 0.4100 0.4107 3.53 0.3572 0.4179 
41 4.86 0.4666 0.4158 4.76 0.4120 0.4203 3.50 0.3653 0.3616 
42 4.84 0.4626 0.4238 4.78 0.4080 0.4286 3.43 0.3631 0.3671 
43 4.85 0.4638 0.4335 4.81 0.4097 0.4381 3.49 0.3620 0.3765 
44 4.85 0.4654 0.4432 4.80 0.4117 0.4430 3.56 0.3641 0.3897 
45 4.73 0.4746 0.3974 4.82 0.4106 0.4531 3.57 0.3647 0.3966 
46 4.73 0.4722 0.4073 4.84 0.4100 0.4614 3.48 0.3653 0.3976 
47 4.82 0.4706 0.4170 4.83 0.4168 0.3995 3.61 0.3645 0.4109 
48 4.70 0.4692 0.4248 4.86 0.4182 0.4092 3.57 0.3627 0.4162 
49 4.80 0.4706 0.4344 4.80 0.4190 0.4178 3.61 0.3706 0.3587 
50 4.88 0.4710 0.4391 4.84 0.4144 0.4237 3.50 0.3683 0.3627 
51 4.81 0.4791 0.3956 4.87 0.4168 0.4340 3.50 0.3710 0.3782 
52 4.83 0.4793 0.4037 4.80 0.4170 0.4551 3.67 0.3709 0.3854 
53 4.91 0.4766 0.4157 4.77 0.4191 0.4624 3.65 0.3716 0.3957 
54 4.81 0.4750 0.4237 4.81 0.4262 0.3981 3.64 0.3687 0.4059 
55 4.93 0.4753 0.4344 4.79 0.4259 0.4111 3.56 0.3700 0.4089 
56 4.86 0.4872 0.3999 4.71 0.4256 0.4156 3.32 0.3708 0.4123 
57 4.86 0.4852 0.4080 4.61 0.4234 0.4247 3.58 0.3791 0.3582 
58 4.80 0.4891 0.4105 4.61 0.4265 0.4381 3.53 0.3777 0.3676 
59 4.88 0.4833 0.4253 4.63 0.4242 0.4441 3.51 0.3796 0.3751 
60 4.89 0.4861 0.4323 4.65 0.4221 0.4555 3.51 0.3768 0.3849 
61 4.86 0.4950 0.4001 4.50 0.4241 0.4649 3.64 0.3789 0.3939 
62 4.84 0.4939 0.4073 3.58 0.3756 0.4042 
63 4.77 0.4929 0.4121 3.57 0.3790 0.4091 
64 4.80 0.4942 0.4261 3.52 0.3786 0.4232 
Table 0.1 CIE Yxy values of all experimental colours for banana (as described in 
Chapter 7), under D40, D65, D250 respectively. Highlighted red colours matches the 
predicted real banana colours under each test illuminant. 
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D40 D65 D250 
Index y x y y 
-- - - 
X 
- - 
y y X y 
1 2.82 0.4946 0.3593 ý .7 6 
6 
. 
-4441 -6. -342,5 -Y 5 -5 -b-. -3 7 7-3 0.2977 
2 2.87 0.4957 0.3649 2.80 0.4434 0.3464 3.57 0.3759 0.3058 
3 2.73 0.4948 0.3750 2.74 0.4425 0.3563 3.59 0.3730 0.3188 
4 2.85 0.4936 0.3800 2.70 0.4424 0.3628 3.62 0.3725 0.3318 
5 2.94 0.4908 0.3875 2.58 0.4456 0.3738 3.60 0.3753 0.3394 
6 3.00 0.4956 0.3982 2.57 0.4414 0.3786 3.57 0.3754 0.3490 
7 2.76 0.4891 0.4106 2.58 0.4405 0.3874 3.54 0.3745 0.3564 
8 2.77 0.4940 0.4191 2.57 0.4376 0.3941 3.51 0.3829 0.2963 
9 2.93 0.4999 0.3637 2.59 0.4492 0.3346 3.57 0.3833 0.3028 
10 2.99 0.4989 0.3688 2.60 0.4479 0.3440 3.55 0.3802 0.3110 
11 3.00 0.4993 0.3734 2.62 0.4509 0.3535 3.50 0.3810 0.3200 
12 2.96 0.4997 0.3812 2.61 0.4502 0.3647 3.56 0.3833 0.3298 
13 3.07 0.4985 0.3880 2.60 0.4468 0.3788 3.59 0.3835 0.3384 
14 2.99 0.4975 0.3992 2.60 0.4488 0.3775 3.55 0.3849 0.3509 
15 2.97 0.5012 0.4064 2.63 0.4459 0.3855 3.50 0.3825 0.3576 
16 2.99 0.4967 0.4078 2.55 0.4494 0.3930 3.52 0.3883 0.2952 
17 2.98 0.5015 0.3663 2.62 0.4585 0.3343 3.51 0.3856 0.3005 
18 2.95 0.5077 0.3774 2.62 0.4579 0.3429 3.60 0.3863 0.3104 
19 2.74 0.5022 0.3773 2.64 0.4577 0.3544 3.52 0.3873 0.3197 
20 2.77 0.5025 0.3861 2.61 0.4575 0.3671 3.53 0.3892 0.3291 
21 2.79 0.5055 0.3954 2.65 0.4570 0.3763 3.57 0.3862 0.3376 
22 2.81 0.5031 0.4037 2.65 0.4531 0.3790 3.51 0.3916 0.3469 
23 2.73 0.5026 0.4141 2.65 0.4505 0.3833 3.66 0.3889 0.3573 
24 2.77 0.5122 0.3586 2.63 0.4524 0.3942 3.60 0.3958 0.2931 
25 2.72 0.5116 0.3672 2.67 0.4656 0.3401 3.69 0.3939 0.3058 
26 2.84 0.5100 0.3723 2.78 0.4649 0.3496 3.55 0.3958 0.3100 
27 2.87 0.5113 0.3770 2.75 0.4635 0.3537 3.56 0.3938 0.3207 
28 2.91 0.5123 0.3879 2.60 0.4668 0.3628 3.58 0.3937 0.3301 
29 3.07 0.5086 0.3924 2.64 0.4638 0.3763 3.52 0.3913 0.3393 
30 3.02 0.5089 0.4042 2.69 0.4623 0.3816 3.65 0.3950 0.3508 
31 2.88 0.5163 0.3568 2.65 0.4648 0.3861 3.97 0.3949 0.3548 
32 2.83 0.5185 0.3655 2.65 0.4631 0.3954 3.95 0.3997 0.2946 
33 2.90 0.5200 0.3738 2.61 0.4690 0.3353 3.89 0.3973 0.3021 
34 2.96 0.5175 0.3774 2.61 0.4742 0.3468 4.13 0.3993 0.3120 
35 2.97 0.5177 0.3878 2.68 0.4727 0.3551 4.05 0.3994 0.3212 
36 2.96 0.5167 0.3963 2.70 0.4740 0.3667 4.11 0.4016 0.3343 
37 2.79 0.5162 0.4012 2.69 0.4715 0.3752 404 0.3989 0,3380 
38 2.78 0.5206 0.3575 2.70 0.4657 0.3774 4.05 0.3999 0.3524 
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39 2.79 0.5255 0.3690 2.74 0.4697 0.3887 4.09 0.3992 0.3580 
40 2.90 0.5216 0.3700 2.68 0.4718 0.3955 4.11 0.4053 0.2932 
41 2.89 0.5246 0.3828 2.64 0.4782 0.3347 4.05 0.4040 0.3008 
42 2.76 0.5208 0.3879 2.62 0.4769 0.3474 4.08 0.4053 0.3111 
43 2.84 0.5210 0.3956 2.65 0.4800 0.3557 3.99 0.4043 0.3197 
44 3.02 0.5274 0.3574 2.65 0.4781 0.3666 4.07 0.4048 0.3299 
45 2.99 0.5317 0.3671 2.66 0.4750 0.3739 4.18 0.4055 0.3415 
46 2.89 0.5268 0.3682 2.70 0.4760 0.3850 3.90 0.4058 0.3449 
47 2.80 0.5293 0.3794 2.70 0.4741 0.3864 4.14 0.4054 0.3586 
48 2.80 0.5279 0.3860 2.69 0.4761 0.3956 4.04 0.4124 0.2935 
49 2.83 0.5317 0.3980 2.68 0.4844 0.3370 4.14 0.4099 0.3011 
50 2.99 0.5350 0.3574 2.72 0.4871 0.3471 3.95 0.4112 0.3084 
51 2.96 0.5324 0.3657 2.68 0.4873 0.3567 4.16 0.4133 0.3221 
52 2.98 0.5382 0.3740 2.65 0.4848 0.3643 4.01 0.4124 0.3292 
53 2.82 0.5345 0.3783 2.66 0.4846 0.3724 4.01 0.4110 0.3406 
54 2.95 0.5327 0.3911 2.61 0.4828 0.3821 4.00 0.4140 0.3488 
55 2.81 0.5398 0.3583 2.67 0.4793 0.3842 4.09 0.4137 0.3599 
56 2.78 0.5399 0.3652 2.70 0.4821 0.3970 4.12 0.4191 0.2976 
57 2.93 0.5385 0.3726 2.62 0.4932 0.3388 4.08 0.4175 0.3027 
58 2.89 0.5368 0.3865 2.74 0.4962 0.3462 3.99 0.4175 0.3095 
59 3.16 0.5480 0.3585 2.67 0.4927 0.3570 4.02 0.4183 0.3229 
60 3.03 0.5433 0.3614 2.64 0.4981 0.3642 4.01 0.4206 0.3353 
61 2.94 0.5439 0.3736 2.67 0.4922 0.3721 4.02 0.4201 0.3394 
62 2.94 0.5442 0.3840 2.76 0.4954 0.3832 4.26 0.4165 0.3523 
63 2.96 0.5438 0.3904 2.72 0.4923 0.3870 4.35 0.4203 0.3591 
64 2.71 0.4903 0.3964 
Table 0.2 CIE Yxy values of all experimental colours for carrot (as described in 
Chapter 7), under D40, D65, D250 respectively. Highlighted red colours matches the 
predicted real carrot colours under each test illuminant. 
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